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CHEMISTRY

Metal-free activation of molecular oxygen by covalent
triazine frameworks for selective aerobic oxidation

Sara Abednatanzi'*, Parviz Gohari Derakhshandeh'*, Karen Leus', Henk Vrielinck?,
Freddy Callens? Johannes Schmidt®, Aleksandr Savateev*, Pascal Van Der Voort'"

Oxygen activation is a critical step in ubiquitous heterogeneous oxidative processes, most prominently in
catalysis, electrolysis, and pharmaceutical applications. We present here our findings on metal-free O, ac-
tivation on covalent triazine frameworks (CTFs) as an important class of N-rich materials. The O, activation
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process was studied for the formation of aldehydes, ketones and imines. A detailed mechanistic study of O, acti-
vation and the role of nitrogen heteroatoms were comprehensively investigated. The electron paramagnetic
resonance (EPR) and control experiments provide strong evidence for the reaction mechanism proving the ap-
plicability of the CTFs to activate oxygen into superoxide species. This report highlights the importance of a
self-templating procedure to introduce N functionalities for the development of metal-free catalytic materials.
The presented findings reveal an important step toward the use of CTFs as inexpensive and high-performance
alternatives to metal-based materials not only for catalysis but also for biorelated applications dealing with O,

activation.

INTRODUCTION

One of the challenges for the future generations of chemists and
environmental experts is to evolve catalytic processes that inte-
grate environmental objectives into global industrialization (1).
Most catalytic processes are commanded by the use of noble, tran-
sition, or rare-earth metals, acting as active sites (2-4). Among
various catalytic processes, O, activation is at the heart of many
potential applications, most importantly in fine chemical syn-
thesis, and environmental remediation (5, 6). A very promising
area in bioinorganic chemistry lies in the field of metal-activated
enzymes with transition-metal sites to activate molecular oxygen
(7-9). In inorganic chemistry, Pt is the preferred metal for oxy-
gen activation, although other metals such as Ir, Au, Cu, Ni, and
Pd have revealed the capability of promoting the process as well
(10, 11). Despite the high efficiency, most metal-based catalytic
systems suffer from low availability, high prices for the noble met-
als, deactivation of the catalyst, high cost for the purification, and
disposal of products and waste (11). Therefore, the development
of low-cost metal-free catalysts demonstrating comparable and
even superior performance in comparison to the metal-based ma-
terials is highly desirable as alternatives to the present systems
(12, 13).

Nanocarbon materials such as carbon black (14), carbon nano-
tubes (15), graphene (16) or graphene oxide (12), and graphitic
carbon nitride (17) have shown promising potential in various cat-
alytic processes. Nevertheless, most of these materials without the
presence of dopants are inactive in catalysis due to the weak inter-
action of reactants with carbon-based materials arising from the
uniform charge distribution. The introduction of nonmetal het-

'Center for Ordered Materials, Organometallics and Catalysis, Ghent University,
Krijgslaan 281-S3, 9000 Gent, Belgium. 2Depar‘cment of Solid State Sciences, Ghent
University, Krijgslaan 281-51, B-9000 Ghent, Belgium. 3Technische Universitat Berlin,
Institut fir Chemie-Funktionsmaterialien, Hardenbergstrale 40, 10623 Berlin,
Germany. *“Max-Planck Institute of Colloids and Interfaces, Department of Colloid
Chemistry, Research Campus Golm, 14424 Potsdam, Germany.

*These authors contributed equally to this work.

tCorresponding author. Email: pascal.vandervoort@ugent.be

Abednatanzi et al., Sci. Adv. 2020; 6 : eaaz2310 3 April 2020

eroatoms (N, P, S, B, etc.) into the carbon matrix can modulate
the electronic structure through charge delocalization that helps
to achieve a high catalytic activity (18-24). Furthermore, new struc-
tural defects can be induced into the carbon backbone (25-27).
Hence, an advanced modification of the pure carbon with het-
eroatom dopants as active sites can result in an enhanced per-
formance. In 2013, Garcia and co-workers (28) demonstrated that
N- and B-doped graphene materials are active metal-free catalysts
to activate molecular O, in the aerobic oxidation of different sub-
strates including benzylic compounds and cycloalkanes.

Covalent organic frameworks (COFs) are porous materials with
robust carbon backbones (29, 30). These COFs have exclusive fea-
tures including high surface areas, excellent stabilities, adjustable
pore size, and controllable chemical composition (31, 32). Covalent
triazine frameworks (CTFs) as unique COFs, reported in 2008 by
Thomas and Antonietti (33), are created by linking light elements
(C, O,and N). In general, CTFs can be classified into two categories,
i.e., amorphous (34, 35) and crystalline (36). These materials can
offer a good opportunity to develop highly efficient heterogeneous
metal-free (photo) catalysts in the future (37-39).

The key to overcome the limitations of metal-free systems
and to study the O; activation mechanism in a controlled way
lies in a precise control of the active sites, which can be obtained
by reducing the carbonization degree of the materials. Accord-
ingly, we introduce here a unique and previously unidentified
potential application of CTFs as metal-free catalysts for envi-
ronmentally friendly oxidation reactions. For this purpose, we
used the cheap and easily available 1,4-dicyanobenzene (DCB)
as the N-containing precursor to obtain CTF-1, via a simple
self-templating procedure (40). The direct introduction of the
dopant followed by the relatively low polymerization tempera-
ture (400°C) results in a better control over the structure of CTFs
(41). Accordingly, materials with a homogeneous distribution of
the heteroatom dopants can be obtained. This catalyst displayed an
unprecedented performance in the oxidation reactions and can be
considered as one of the best metal-free carbon-based catalysts ever
reported.
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RESULTS

Characterization of the CTFs synthesized

at different temperatures

The CTF materials were synthesized following the procedure re-
ported by Antonietti and co-workers (40), applying the typical iono-
thermal conditions as depicted in Fig. 1A. After the reaction, the
ZnCl, is removed by extensive washing with water and then reflux-
ing at 120°C in 1 M HCI [0.15 weight % (wt %) Zn remains analyzed
by inductively coupled plasma]. To understand the specific role of
dopants in the CTF materials, the polymerization temperature is
increased from 400° to 600°C, and the obtained materials are labeled
with the polymerization temperature (e.g., CTF-1-400).

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) and x-ray photoelectron spectroscopy (XPS) were per-
formed to obtain more understanding of the structural charac-
teristic of the nitrogen functionalities. In the DRIFT spectrum
of CTF-1-400 (Fig. 1C), vibrational peaks appear at ~1360 and
~1550 cm ™!, demonstrating the presence of triazine fragments in
the sample (42). The absence of the signal at ~2200 cm™}, charac-
teristic of the nitrile group, indicates the complete consumption of
monomer and the formation of triazine linkages (43). The decon-
volution of the N 1s XPS spectrum (Fig. 1D) results in a peak at
398.49 eV, indicating the presence of pyridinic nitrogen in the tri-
azine rings. Furthermore, the N 1s XPS spectrum of CTF-1-400
shows three peaks at 400.16, 400.93, and 404.65 eV, representing
the pyrrolic, quaternary, and oxidized N-O species (44). Besides
the characterization of the species containing the nitrogen moi-
eties, the porosity and pore structure of the CTF-1 material are
important as well. As demonstrated in Fig. 1E, CTF-1-400 dis-
played a rapid N; uptake at low relative pressures, which is indica-
tive of a highly microporous material (type I isotherm) (45). The
CTF-1-400 exhibits a Brunauer-Emmett-Teller (BET) surface area
of 1495 m”g”", which was calculated in the linear range determined
through the consistency criteria (46). The total pore volume is
found to be 0.86 cm® g'. The powder x-ray diffraction (XRD) pat-
tern of the CTF-1-400 (Fig. 1F) exhibits a broad diffraction peak at
26 ~ 26° assigned to (001) reflection, indicating a “graphitic” layer
stacking. Elemental mapping (Fig. 1G) further revealed a fine and
homogeneous distribution of the elements, including N and C,
from the CTF-1-400 material.

The DRIFT spectra of the CTFs-1 synthesized at higher temperatures
(500° to 600°C) represent an overall reduction in the peak intensity,
which is due to the further cross-linking/rearrangement reactions toward
typical graphenal polymer structures as shown in Fig. 1B (47). The dif-
fraction peak at 20 ~ 20° to 30° broadened and weakened with elevated
trimerization temperature, which can be related to the structural rear-
rangements. The N, adsorption isotherms change from type I to type IV
for CTFs-1 synthesized at higher temperatures, which indicates the for-
mation of mesopores (Fig. 1E). In addition, the BET surface area tends to
increase from 1495 to 2160 m*/g when the polymerization temperatures
are varied from 400° to 600°C (table S1). Raman spectroscopy was
applied to identify the electronic structure of the CTFs (Fig. 1H). The
observed two characteristic bands located around 1370 and 1607 cm™"
correspond to the D and G bands, which reveal the existence of lattice
defects and porous two-dimensional honeycomb structure (43). It is
important to note that the long-range order for the CTFs decreases with
increasing polymerization temperature, which can be confirmed by the
relative intensity of two peaks (Ip/Ig). The Ip/I ratio raised from 0.88 to
0.91 when the synthesis temperature was enhanced from 400° to 600°C.
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Catalytic performance of the CTFs-1 for the selective aerobic

oxidation of alcohols

It is well known that various carbon materials [N-doped activated
carbon (48), P-doped graphitic carbon (49), and N-doped graphene
(50)] have the potential to be used as metal-free catalysts in the aer-
obic oxidation of alcohols. However, these catalysts often exhibit
fundamental drawbacks such as low efficiency (conversion <20%)
or high catalyst loadings (200 wt %), as well as problems with cata-
lyst recovery. Although the active sites and the mechanisms have
not yet been completely understood, quaternary N atoms were found
to be responsible for aerobic oxidation reactions (48). Within this
context, our initial studies focused on the catalytic efficiency of
CTFs-1 synthesized under both mild and ionothermal conditions.
Therefore, crystalline CTF-1 (CTF-HUST-1) with a well-defined
structure was synthesized via the low-temperature polycondensa-
tion reaction of 1,4-phthalaldehyde and terephthalamidine di-
hydrochloride following the method reported in the literature (51).
The catalytic efficiency of CTF-HUST-1 without the presence of
quaternary N atoms in the framework was compared with CTF-1-
400 under the same reaction conditions. While 87% conversion of
benzyl alcohol was observed using the CTF-1-400 catalyst (Table 1),
the CTF-HUST-1 resulted in a remarkably lower conversion (5%)
(Table 2, entry 1). This observation is an evidence for the essential
role of the N functionalities for the development of efficient metal-
free catalytic materials.

Further catalytic studies were performed on CTF-1-400 catalyst
with intrinsic N-doping and controllable porous structures in the
oxidation of a variety of primary and secondary alcohols (Table 1).
We observed that the CTF-1-400 catalyst can catalyze the conver-
sion of primary benzylic alcohols (~32 to 87%) within a short reac-
tion time of 3 hours, but not secondary alcohols, which is consistent
with the higher reactivity of the primary benzylic alcohols. It is im-
portant to note that the products of overoxidation (benzoic acid
derivatives) were not detected even if the reaction was extended to
longer reaction times, demonstrating the high selectivity of the
CTF-1 catalyst toward aldehydes and ketones. We found that the
conversion of unsubstituted benzyl alcohol is higher compared with
the substituted substrates. This observation might be explained by
the planar structure of benzyl alcohol, and therefore, the interaction
between the catalyst’s surface and the substrate is more efficient.
Compared to aromatic alcohols, aliphatic/allylic alcohol substrates
react more sluggishly and display very low conversions (3 to 7%).
This reaction highly depends on the type of the applied base. When
Cs,CO; was replaced by other carbonates such as K,COj3 and Na,COs,
the conversions of benzyl alcohol were 23 and 10%, respectively,
after 4 hours of reaction. In the absence of Cs,COj as the base, only
a conversion of 8% was obtained. These results indicate that Cs,CO;
plays an important role to increase the catalytic activity in the aero-
bic oxidation of alcohols. In addition, with reducing the catalyst
amount from 17 to 8.5 mg, still a high conversion of 61% was ob-
tained after 0.75 hour. The turnover frequency (TOF) of the CTF-1-
400 catalyst was 10 hour™ using benzyl alcohol as the substrate and
8.5 mg of the catalyst and was calculated as a ratio of the (millimoles
of product)/(millimoles of quaternary N) per time (the role of qua-
ternary N will be discussed in the mechanistic studies). Note that
the catalytic efficiency of the CTF-1-400 catalyst both in terms of
conversion and TOF was much higher compared with the reported
metal-free catalysts for the aerobic oxidation of benzyl alcohol as
depicted in Fig. 2 (48, 50). Since the catalytic reactions in reports are
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Fig. 1. Synthesis and structural characterization of CTFs synthesized at different temperatures. (A) lllustration of the ideal ordered structure of CTF-1. (B) Schematic
representation of the possible structure at relatively high temperatures of synthesis (the ratios of nitrogen species of CTFs can be tuned through adjusting the reaction
temperature). (C) DRIFT spectra. (D) N 1s XPS spectrum of the CTF-1-400. (E) Nitrogen adsorption isotherms. (F) Powder XRD patterns. (G) TEM image and elemental

mapping images of CTF-1-400. (H) Raman spectra. a.u., arbitrary units.

done under different reactions conditions, N-doped activated car-
bon was synthesized according to the literature method (52). The
catalytic activity of the obtained N-doped activated carbon was
investigated under identical conditions as the CTF-1-400, resulting
in only 10% conversion of benzyl alcohol after a 2 hours reaction.
These observations indicate that the high catalytic performance of
the CTF-1-400 catalyst can be ascribed to the higher content of
N species compared with N-doped activated carbon and N-doped
graphene nanosheets. In addition, the fabrication strategy using
heteroatom-containing precursors at relatively low polymerization
temperature may play an important role in the activity of the final
porous material in metal-free catalysis. Compared with N-doped
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carbon materials that demand multiple postprocessing procedures
to fabricate heteroatom-containing carbon-based catalysts, CTFs are
generated by the direct use of heteroatom-containing linkers through
simple self-templating procedures (41). While dislocation and/or
inaccessibility of quaternary N atoms and lower catalytic activity can
be expected in the N-doped carbon materials, CTFs provide mate-
rials with a homogeneous distribution of the heteroatom dopants. To
investigate the catalytic potential of Zn as active sites in the oxidation
reaction, an additional experiment was performed using homo-
geneous ZnCl, catalyst (0.02 mmol), and no product was produced
after reaction at 100°C. From an environmental point of view, the
catalytic reaction was also performed under solvent-free conditions
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Table 1. Results of aerobic oxidation of several alcohols using the CTF-1-400 catalyst. Reaction conditions: 17 mg of CTF-1-400 catalyst, 0.33 mmol of
substrate, 0.2 mmol of Cs2C03, 330 pl of toluene, 02 (1 atm), 100°C, 3 hours for 2a-2i and 2p-2r, 12 hours for 2j-20 and 2s-2u. Conversions are an average of at least
three runs. Full conversion (99%) was obtained for 2a to 2h after 12 hours. All substrates displayed >99% selectivity toward the corresponding aldehyde/ketone.
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using 10 times more amount of benzyl alcohol and 17 mg of the
catalyst. A good conversion of 35% was observed after 2 hours of
reaction with a TOF of 10.8.

The wide applicability of CTFs for metal-free catalysis was fur-
ther investigated using CTFs containing different monomers
(2,6-dicyanopyridine and 4,4’-dicyanobiphenyl). The obtained
materials were applied in metal-free catalysis for benzyl alcohol ox-
idation, which resulted in 99 and 60% conversions, respectively. A
summary of the obtained data is shown in table S2. Among these
monomers, DCB is preferred as the cheap and easily available
N-containing precursor.

Catalytic performance of CTFs-1 for aerobic oxidative
coupling of amines

Inspired by the great activity of the CTF-1 catalyst in the aerobic
oxidation of alcohols, we proceeded to examine the broad applica-
tion of this catalyst for another metal-free oxidation reaction. For
this purpose, the CTF-1 catalyst was used in the oxidative coupling

Abednatanzi et al., Sci. Adv. 2020; 6 : eaaz2310 3 April 2020

of amines to imines, which often proceeds via the initial generation
of a superoxide radical anion ("O;"). At a low temperature (60°C)
and a low atmospheric pressure of O; (1 atm), all substrates showed
great conversion (99%) and high selectivity (>85%) for the forma-
tion of the related imines (table S3). A very low conversion of 4%
was observed in the absence of the catalyst using benzylamine as the
substrate under the applied reaction conditions.

Recyclability studies of CTF-1-400 catalyst

A major challenge in the development of metal-free catalysts is their
recyclability. So far, some carbon-based metal-free catalysts have
shown poor reusability due to the loss of their active sites or deactiva-
tion (48). The recyclability of the CTF-1-400 catalyst was examined
in consecutive runs. The results demonstrated that CTF-1-400 could
retain almost its full catalytic efficiency after four reaction cycles
without a substantial loss of activity and selectivity (fig. SIA). No
apparent change in the XPS spectrum of the recycled catalyst was
observed. Furthermore, the recovered catalyst showed no notable

40f10

0202 ‘ST Judy uo /Bio Bewasusios saoueApe//:dny woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Table 2. Various control experiments to obtain insights into the reaction
mechanism. Reaction conditions: 17 mg of catalyst, 0.33 mmol of benzyl
alcohol, 0.2 mmol of Cs,CO3, 330 ul of toluene, O,, 100°C, 2 hours for entries
2 to 7 and 12 hours for entries 1 and 8 to 16, Conversions are an average
of at least three runs. n.d., not detected.

Entry Catalyst Con\(l‘;;sion Sel(e‘;:)irity
1 CTF-HUST-1 5 >99

>9

n.d.

*Selectivity toward benzaldehyde.
p-benzoquinone as the superoxide ('O,") scavenger. §With tert-butyl
alcohol as the "OH scavenger. ||With NaNs as the 'O, scavenger.
qWith 1,3-diphenylisobenzofuran as the 10, scavenger. #With
ammonium oxalate. **The reaction was done at room temperature.

tUnder Ar atmosphere. FWith

reduction in the quaternary-type N species as was confirmed by
XPS analysis (fig. S1B and table S4).

Mechanistic proposal for the oxidative process over CTFs-1

One of the main challenges in the development of N-doped carbon-
based catalysts is the insufficient understanding of the exact active
sites within the catalysts, which limits the control over their activity
and selectivity. Within this context, we applied CTFs-1 synthesized
at different temperatures to develop knowledge into the nature of the
active sites. In addition, one more sample was prepared by lowering
the reaction temperature to 300°C (CTF-1-300). The low reaction
temperature mainly prevents initial carbonization and therefore re-
sults in a C/N weight ratio similar to the theoretical value of 3.43. As
can be observed from Fig. 3A and table S5, the C/N ratio of the
CTFs-1 increases notably as a function of increasing synthesis tem-
perature. This observation confirms a reduction in the nitrogen
content with an increase in the synthesis temperature because of the
partial carbonization of the framework (40, 53). Similar to the CTF-
1-400 material, the XPS characterization of the samples synthesized
at higher temperatures displays the existence of four different types
of nitrogen functionalities including still pyridinic nitrogen in the
triazine rings (398.4 eV), as well as pyrrolic (400 eV), quaternary
(401 eV), and oxidized N-O (404 eV) species (Fig. 3, B to F). The
conversion of benzyl alcohol enhanced, while the polymerization

Abednatanzi et al., Sci. Adv. 2020; 6 : eaaz2310 3 April 2020
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Fig. 2. Catalytic performance of CTF-1-400. Comparison of the CTF-1-400 catalyst
with other N-doped carbon-based metal-free catalysts for aerobic oxidation of
benzyl alcohol (48, 50). Reaction conditions for CTF-1-400: 8.5 mg of CTF-1-400 catalyst,
0.33 mmol of substrate, 0.2 mmol of Cs,C0O3, 330 ul of toluene, O, (1 atm), 100°C,
0.75 hour. AC, activated carbon.

temperature is increased from 300° to 600°C (Table 2, entries 2 to
7). More specifically, almost full conversion (97%) was observed in
the presence of CTF-1-600 after only 2 hours of reaction compared
with 35% in the case of CTF-1-300. In addition, the calculated turn-
over numbers were 1.8, 3.9, 4.2, 4.4, 5.5, and 6 for CTF-1-300 to
CTF-1-600 catalysts, respectively, and were obtained as a ratio of
the (millimoles of product)/(millimoles of quaternary N). The con-
version of benzyl alcohol is graphed against the number of nitrogen
functionalities based on XPS analyses. The ratio of a nitrogen func-
tionality in a CTF-1 sample is calculated concerning the total amount
of N (Fig. 4A and table S6). The obtained conversions cannot be
associated with the amount of pyridinic, pyrrolic, or oxidized nitro-
gen species; however, a good correspondence with the amount of
quaternary-type N species is presented, confirming the crucial role
of these N functionalities for proceeding the catalytic reaction. It is
important to note that even CTFs-1 synthesized at the polymerization
temperatures as low as 300° and 400°C still present the highest ac-
tivity yet reported for this aerobic transformation (with regard to
conversion and reaction time using metal-free N-doped carbon-
based catalysts).

To achieve a mechanistic understanding of the aerobic oxidation
reaction, a set of control experiments was performed. From the re-
sults summarized in Table 2, we observed that no product was pro-
duced in the absence of the catalyst (Table 2, entry 8). Furthermore,
the conversion of benzyl alcohol toward benzaldehyde lowered to
3% under the Ar atmosphere, proving the crucial function of oxy-
gen as the oxidant and confirming that oxygen species present in
the structure of CTFs-1 are not involved in the oxidation reaction
(entry 10 in Table 2). The addition of p-benzoquinone as the super-
oxide ("O;") scavenger (54) into the reaction system containing
CTF-1-400 as the catalyst suppressed the oxidation of benzyl alco-
hol (conversion 11%; Table 2, entry 11 versus 9). This observation
indicates the unique applicability of CTFs to activate molecular ox-
ygen to superoxide, which acts as oxidant species in the catalytic
cycle. To elucidate whether other activated oxygen species are cre-
ated in our system, different scavengers including tert-butyl alcohol
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Fig. 3. Structural characterization of CTFs-1 synthesized at different temperatures. (A) Ratios of C/N determined by elemental analyses. (B) N 1s XPS spectrum of the
CTF-1-300. (C) N 15 XPS spectrum of the CTF-1-450. (D) N 1s XPS spectrum of the CTF-1-500. (E) N 1s XPS spectrum of the CTF-1-550. (F) N 1s XPS spectrum of the CTF-1-600.

and NaNj; were added into the reaction mixture to particularly hinder
the formation of *OH and 'O,, respectively (54). In both cases, no
reduction in the catalytic activities was observed (entries 12 and 13
in Table 2). Besides the use of NaNj as the common selective 'O,
scavenger, 1,3-diphenylisobenzofuran was applied as another selec-
tive 'O, scavenger (55) with high solubility in the reaction media.
No decrease in the catalyst activity was observed (Table 2, entry 14).
Another control experiment was conducted using ammonium oxa-
late. Upon the addition of ammonium oxalate, the conversion of
benzyl alcohol was inhibited to 26%, suggesting that oxidation of
alcohol does not proceed in the presence of ammonium oxalate
(Table 2, entry 15). In addition, lowering the reaction temperature
from 100° to 25°C resulted in only 7% conversion of benzyl alcohol
after 12 hours (Table 2, entry 16).

To obtain a profound understanding of the function of the CTF-1
material in oxygen activation, the mechanistic studies described above
were complemented by electron paramagnetic resonance (EPR)
analyses. To identify the generated active oxygen species in our cat-
alytic system, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), as the
spin trapping agent, was added to the catalytic reaction mixture. As
shown in fig. S2A, there is only a very weak EPR signal in the ab-
sence of the CTF-1 catalyst. For the reaction mixture containing
CTF-1, a clear change of the EPR signals is revealed.

The EPR spectrum of the reaction mixture that contains CTF-1-
400 shows a strong peak at g = 2.0029 + 0.0002, with a Lorentzian
line shape and a peak-to-peak width of 0.27 mT (Fig. 4B). By a nu-
merical elimination of the CTF-1 singlet, a sextet spectrum, in
which each line shows an additional small splitting, can be quite
successfully isolated (Fig. 4C, top trace, and fig. S2B). The latter
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spectrum can be convincingly assigned to an alkoxyl DMPO ad-
duct. A spectrum simulation using the spin Hamiltonian parame-
ters published by Buettner (56) for this type of adduct in a toluene
solvent, as is the case here, exhibits a notable agreement with the
experiment [g = 2.0061; ay = 1.284 mT (**N), Ay, = 0.648 mT (‘H),
A =0.168 mT (‘H), Lorentzian peak-to-peak linewidth = 0.27 mT].
By replacing Cs;CO3; with Na,COs3 as base, the overall intensity
of the EPR spectrum reduced notably (Fig. 4C). Similarly, the EPR
spectrum of the reaction mixture in the absence of Cs,CO3 shows a
very weak signal. According to the obtained data from EPR mea-
surements and the performed control experiments, we assume that
Cs,CO3 may facilitate the generation of the alkoxy intermediate in
the catalytic cycle. A similar observation has been reported on a
[RuCly(p-cymene)],/Cs,CO; catalytic system showing the efficien-
cy of Cs,COj to generate an alkoxy ruthenium intermediate (57).

As a side product, H,O, could be determined by the ultraviolet
(UV)-visible absorption monitoring of potassium titanium(IV)
oxalate in the reaction mixture, following the standard procedure
described in the literature (fig. S2, C to E) (58).

With regard to the observed results from the control experi-
ments and EPR measurements, we present a reaction pathway, as
depicted in Fig. 4D. So far, many experimental and theoretical in-
vestigations have shown the applicability of N-doped carbon-based
materials for adsorption and activation of molecular O, (6, 59-62).
Within this context, Arai and co-workers (48) proposed the adsorp-
tion of molecular oxygen on a carbon atom neighboring the quater-
nary N atom and/or on the carbon and nitrogen atoms, which results
in the formation of some oxygen radicals. On the basis of our obser-
vations, we deduce that oxygen activation proceeds with the assist
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Fig. 4. Mechanistic studies. (A) Relationship between the conversion of benzyl alcohol and different N species within the CTF-1 materials synthesized at different tempera-
tures [reaction conditions: 17 mg of catalyst, 0.33 mmol of substrate, 0.2 mmol of Cs,COs, 330 pl of toluene, O, (1 atm), 100°C, 2 hours]. (B) Effect of base on the EPR spectra

of CTF-1-400 in the reaction mixture. (C) For clarification, the EPR spectrum of the CTF-

1-400 without DMPQ is eliminated from that of the solution containing both the CTF-1

and the spin trap (DMPO). (D) Schematic representation of the proposed reaction mechanism for the oxidation of benzyl alcohol using CTF-1-400 as the metal-free catalyst.

of the quaternary N species of the CTF-1 material. We propose that
the generated superoxide on the surface of CTF-1 reacts with benzyl
alcohol and extracts one proton to generate PhCH,O™ by producing
‘OOH moieties. Initially, the generated PhCH,O" is oxidized into
PhCH,0°, which is consequently oxidized by *"OOH into benzalde-
hyde as the desired product.

To investigate whether the CTF-1-400 material is a radical initi-
ator or a heterogeneous catalyst, a control experiment was performed
using 17 mg of the CTF-1-400 catalyst. Accordingly, the catalyst
was removed after a 0.5 hour reaction, and the catalytic reaction
was continued for a further 2.5 hours, resulting in 35% conversion
of benzyl alcohol. This result is the same as the obtained conversion
after the 0.5 hour reaction, proving that the catalytic reaction stops
in the absence of the catalyst.
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Moreover, we conducted a set of control experiments (table S7)
to find out the reaction pathway in the aerobic oxidative coupling of
amines. On the basis of our observations and reported mechanistic
studies (63, 64), a possible mechanism is demonstrated in fig. S3.

DISCUSSION

In summary, we reveal the applicability of CTF-1 materials to activate
O, at atmospheric pressure under mild conditions exemplified in
the selective aerobic oxidation reactions. Our research successfully
harnessed the power of CTFs-1 in O, activation for dehydrogena-
tion and C—N bond generation reactions using molecular oxygen as
the green oxidant. The reported findings highlight the importance
of the self-templating procedure to introduce a large number of N
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functionalities using low polymerization temperatures for the de-
velopment of metal-free catalytic materials. Different synthesis
temperatures to control the amount of dopant and the structural
configuration within nanostructured frameworks were overviewed
and discussed. The CTF-1 materials performed a great reusability,
which is a long-standing challenge in many catalytic systems. We
believe that the presented findings reveal an important step toward
using CTFs not only as highly efficient metal-free catalysts for many
important sustainable transformations but also as promising mate-
rials for biorelated applications dealing with O, activation.

MATERIALS AND METHODS

Catalyst preparation

Synthesis of CTF catalysts

The preparation of the CTF material was achieved according to the
standard method reported in the literature (40) applying the typical
ionothermal conditions. In general, a glass ampule was filled with
DCB (213 mg, 1.66 mmol) and ZnCl, (1133 mg, 8.31 mmol) in a
glovebox. The ampule was sealed under vacuum and placed in an
oven at 300° to 600°C for 48 hours with a heating rate of 60°C/hour.
After cooling to room temperature (RT), the ampule was opened,
and the black-colored solid was stirred for 3 hours in 150 ml of
H,O0, filtered, and washed with 150 ml of H,O and 75 ml of acetone.
The solid was refluxed at 120°C in HCI (1 M, 150 ml) overnight,
filtered, and subsequently washed with HCI (1 M), H,O, tetra-
hydrofuran (THF), and acetone. The powder was dried under vacuum
overnight at 120°C. Crystalline CTF-1 (CTF-HUST-1) was synthe-
sized via a low-temperature polycondensation reaction following
the procedure presented in the report (51).

Catalytic reactions

The oxidation of alcohols was conducted in a Schlenk tube. During
a catalytic test, the CTF catalyst (17 mg), base (0.2 mmol), dodecane
(37.5 ul, 0.165 mmol), alcohol (0.33 mmol), and toluene (330 pl)
were placed in the tube. The tube was purged with pure oxygen,
sealed, and heated to 100°C for 2 to 12 hours. After each catalytic
test, the catalyst was recycled through filtration, followed by washing
with toluene and water to remove the excess amount of base. The
catalyst was applied in the following runs.

The control tests using scavengers were done in a Schlenk tube.
To a mixture of CTF-1-400 catalyst (17 mg), Cs,COs (65 mg, 0.2 mmol),
and benzyl alcohol (34.3 pl, 0.33 mmol) in toluene (330 pl), the de-
sired scavenger (0.33 mmol) was introduced. The catalytic reaction
was done at 100°C for 12 hours. The control experiment using homo-
geneous ZnCl, catalyst was done as follows: A solution of catalyst
(0.02 mmol), Cs,CO3 (65 mg, 0.2 mmol), and benzyl alcohol (34.3 pl,
0.33 mmol) in toluene (330 pl) was placed in the Schlenk tube. The
tube was purged with pure oxygen, followed by sealing and heating
to 100°C for 12 hours. Samples were withdrawn and were analyzed
using a gas chromatograph [ultrafast equipped with a flame ioniza-
tion detector (FID)].

For the purposes of H,O, determination, 300 pl of the reaction
mixture after centrifugation was transferred into a 2-ml volumetric
flask. Then, the titanium reagent (1 ml), prepared following the
standard procedure described in the literature (58), was added to
the same volumetric flask, and the flask was filled with deionized
water to a total volume of 2 ml. The UV-visible spectrum was re-
corded in the range of 200 to 800 nm. For the blank solutions, ab-
sorption from the titanium reagent (1 ml in a 2-ml volumetric flask
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and filled with deionized water) was recorded. Another control
measurement was done for the possible colored organic compounds
present in the reaction mixture. Three hundred microliters of the
reaction mixture after centrifugation was transferred into a 2-ml
volumetric flask and filled with deionized water to a total volume of
2 ml without the addition of the titanium reagent.

The aerobic oxidative coupling of amines was done in a Schlenk
tube. During a general catalytic experiment, the CTF-1-400 catalyst
(17 mg), dodecane (37.5 ul, 0.165 mmol), amines (0.33 mmol), and tol-
uene (330 pl) were placed in the Schlenk tube. The tube was purged
with pure oxygen, followed by sealing and heating to 60°C for 12 hours.

For control tests using scavengers, to a mixture of CTF-1-400
catalyst (17 mg) and benzylamine (0.33 mmol) in toluene (330 ul),
the desired scavenger (0.33 mmol) was added. The catalytic reaction
was done at 60°C for 3 hours. Samples were withdrawn and were
analyzed using a gas chromatograph.

Materials and instrumentation

All reagents were obtained from Sigma-Aldrich or TCI Europe and
applied as received. The CTF materials were characterized by x-ray
powder diffraction (XRPD), N adsorption, and scanning transmis-
sion electron microscopy (STEM) applying the instruments men-
tioned in our previous reports (65, 66). XRPD measurements were
carried out on an x-ray diffractometer (Thermo Fisher Scientific
ARL X'Tra), performed at 40 kV, 40 mA, using Cu—Koa radiation
(A = 1.5406 A). The porosity analysis was performed applying a
BELSORP-mini II gas analyzer. The samples were activated at 120°C
under vacuum before analysis. The catalytic activity of catalysts was
monitored by gas chromatography (GC) having an FID. The ultra-
fast GC was equipped with a 5% diphenyl/95% polydimethylsiloxane
column (10-m length and 0.10-mm internal diameter). Helium was
used as the carrier gas and with 0.8 ml/min flow rate. GC-mass
spectrometry (MS) analysis was conducted using an Agilent 6890 GC
with a DB-5ms column, coupled with an Agilent 5973 MS using an
electron ionization detector. Helium was used as the carrier gas with
a constant flow of 2 ml/min. STEM images were collected applying a
JEOL JEM-2200FS instrument with an accelerating voltage of 200 kV.
Isopropanol was used to disperse the samples followed by ultrasonic
irradiation for 10 min. A copper support TEM grid was immersed
in the mixture and dried before imaging. The XPS measurements
were done on a K-alpha Thermo Fisher Scientific spectrometer
with a monochromatic Al Ko x-ray source. The EPR spectra were
recorded with a Varian E-line spectrometer equipped with an
HP 5342 A microwave frequency counter. The magnetic fields were
calibrated using the spectrum of diphenyl picryl hydrazyl (g =
2.0036). The spectra were normalized to a frequency of 9.500 GHz.
They were measured at RT with a microwave power of 200 mW,
8-mT sweep range, a recording time of 167 s, and a time constant of
0.3 s. The magnetic field was modulated at 10 kHz with an amplitude
0f0.02 mT. Spectrum simulations were performed using the EasySpin
libraries [REF-EASYSPIN] for MATLAB.

EPR spectra were recorded making use of the spin trap (DMPO).
The samples were prepared according to the catalytic reaction mixture
as follows: CTF-1-400 (17 mg), base (0.2 mmol), benzyl alcohol
(34.3 pl, 0.33 mmol), and toluene (330 ul) were added to a vial open
to air at RT. After around 5 min, DMPO (33 mg) was added to the
reaction mixture. A screw-cap nuclear magnetic resonance tube was
charged with 1 ml of the prepared reaction mixture and placed in
the EPR cavity for the measurement. For the blank sample, the reaction
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mixture was prepared similarly without the addition of CTF-1-400.
Elemental analyses were performed on a Thermo Flash 200 ele-
mental analyzer using V,05 as catalyst.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/14/eaaz2310/DC1
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