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Metal-free heterogeneous photocatalysts provide an environmental-friendly and cost-efficient avenue for
green organic synthesis. Covalent organic frameworks (COFs) as heterogeneous photocatalysts showcase
promising potential in the field of photocatalytic organic reactions due to their high porosity, insolubility
and tailor-made functions. However, thus far, COF-based catalysts only mediated a few types of reactions.
Herein, we developed a series of isoreticular nitrogen-rich covalent organic frameworks (N-COFs) with
comparable porous structures as photocatalysts which effectively mediated the borylation of aryl iodides
with broad substrate scope. Remarkably, 6N-COF exhibits excellent photocatalytic efficiency and supe-
rior recyclability. It suggests a new pathway to construct efficient heterogeneous photocatalysts for the

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Covalent organic frameworks (COFs) represent an emerging
class of crystalline organic porous materials, which are linked by
strong covalent bonds and are mainly composed of light elements,
e.g., C, 0, N and B [1,2]. To date, COFs have shown prospects in di-
verse areas, e.g., gas adsorption and separation [3,4], heterogeneous
catalysis [5-7], energy storage [8,9], sensors [10,11], drug delivery
[12], and photoelectronics [13,14], thanks to their merits of high
specific surface areas, ordered pore channels, facile structural and
function design, etc. [15,16]. Recently, COFs have demonstrated as
a promising platform to design high-performance heterogeneous
photocatalysts for various chemical transformations [17], e.g., pho-
tocatalytic water splitting [18,39], CO, reduction [19], organic con-
version [5-7,40] and degradation of pollutants [20]. However, thus
far, COFs as catalysts were attempted only in a few types of re-
actions. Therefore, it is desired to explore the potential of COFs
to catalyze other kind of reactions, through for instance, delicate
structural design.

Aryl boronic acids/esters as key reaction substrates are widely
used in C-C bond formation by Suzuki coupling and can also be
used to form C-N, C-O and C-S bonds [21,22]. In addition, they
were applied to construct boronic ester and boroxine-linked COFs
[23,24], develop luminescent materials [25], directly function as
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therapeutic agents and biological probes [26], etc. Commonly, aryl
boronic acids/esters are readily prepared from aryl halides by us-
ing Grignard/organic lithium reagents or transition-metal catalysts
or small-molecule-based photocatalysts [27]. Unfortunately, these
methods still suffer from drawbacks, such as the high flammability
of organic lithium reagents, toxicity of transition metals and non-
recyclability of the catalysts. In addition, aryl boronic esters could
also be produced by photocatalytic C-H borylation [28], obtained
from aryldiazonium salts/amines [29], aryl mesylate/tosylate [30],
and so on, which are interesting approaches but are much less fre-
quently utilized than the aryl halides. In this respect, it is worth-
while developing an efficient metal-free and recyclable heteroge-
neous catalyst to mediate the borylation of aryl halides, which to
the best of our knowledge, has yet been reported.

On account of the advantages of COFs to develop heteroge-
neous catalysts, in this work, we designed and synthesized three
pyrene-based, nitrogen-rich, and imine-linked COFs, namely 6N-
COF, 4N-COF and 2N-COF (Scheme 1), which were differentiated
by the different number of N atoms in the building blocks of the
COFs. The structural design principles include: (1) Pyrene-based
and imine-linked COFs are well established and studied, exhibiting
good stability and abundant visible-light absorption [31]; (2) Intro-
ducing nitrogen-containing heterocycles tailors the crystal packings
and the electronic properties of the COFs, e.g., the light absorption
range and energy levels [32]. In addition, the reported heterocycle-
free COF (ON-COF) was synthesized as well for comparison [36].
These COFs were attempted to mediate the borylation of aryl io-
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Scheme 1. Synthetic routes for the targeted N-COFs, i.e., 6N-COF, 4N-COF, 2N-COF
and ON-COF.

dides under visible light irradiation. It showed 6N-COF exhibited
excellent photocatalytic performance among the others and also
displayed excellent recyclability. This work demonstrates that COF
as photocatalyst could successfully procure the borylation of aryl
halides.

The targeted COFs were prepared by solvothermal method.
Typically, 4,4',4",4"'-(1,3,6,8-pyrenetetrayl)tetraaniline (Py-NH,)
and the dialdehyde (Scheme 1), ie., 5,5-(1,24,5-tetrazine-3,6-

diyl)dipicolinaldehyde (6N-CHO) or 4,4'-(1,2,4,5-tetrazine-3,6-
diyl)dibenzaldehyde  (4N-CHO) or 5,5'-(1,4-phenylene)di(2-
pyridinecarbaldehyde) (2N-CHO) or (1,17:4’,1"-terphenyl)-4,4"-

dicarbaldehyde (ON-CHO) were mixed together and heated under
specific solvents at 120 °C for 3 days to form the targeted N-COFs
(Supporting information for detailed procedures).

The chemical structures and compositions of N-COFs were
characterized by Fourier transform infrared (FT-IR) spectroscopy,
13C cross polarization total suppression of spinning sidebands
(CP/TOSS) nuclear magnetic resonance (NMR) spectroscopy and el-
emental analysis. The FT-IR spectra of N-COFs (Fig. S7 in Sup-
porting information) showed the signals of N-H stretching vibra-
tions (3434-3211 cm~!) and the C=0 stretching modes (1719-1695
cm~1) existing in the monomers were significantly attenuated in
the corresponding COFs. At the same time, the peaks correspond-
ing to the C=N stretching vibrations of the imine segments ap-
peared in N-COFs in contrast to the monomers. Therefore, it sug-
gests high degrees of polymerization have occurred during the syn-
thesis of all N-COFs. In addition, the 13C CP/TOSS NMR spectra of
the 6N-COF, 4N-COF and 2N-COF displayed a notable peak at 158,
156 and 154 ppm respectively (Fig. S6 in Supporting information),
which corresponded to the C signals of the imine linkages. More-
over, elemental analysis indicated the contents of C, H and N of
N-COFs matched well with the theoretical values (Table S1 in Sup-
porting information).

The crystalline structures of the as-synthesized N-COFs were
characterized by powder X-ray diffraction (PXRD) analysis together
with structural simulations. As shown in Fig. 1 and Fig. S23 (Sup-
porting information), the PXRD spectra of 6N-COF displayed a
prominent diffraction peak at 2.87° and three distnct signals at
5.61°, 8.59° and 23.34°, which were in accordance with the (100),
(200), (310) and (001) facets, respectively. Similarly, the PXRD
spectra of 4N-COF exhibited four notable peaks as well at 2.80°,
5.62°, 8.43° and 23.89°, which corresponded to the (100), (020),
(300) and (001) facets, respectively. For 2N-COF, the diffraction sig-
nals appeared at 2.81°, 5.66°, 8.44° and 23.35°, which reflected
the (100), (020), (310) and (001) facets, respectively. Geometric
energy minimization and Pawley refinement were performed to
determine the stacking modes, which revealed the simulated AA
stacking rather than the staggered AB stacking of the targeted COFs
correlated well with the experimental PXRDs. The optimized unit
cell parameters for the targeted COFs are as follows: a=b=32.39
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Fig. 1. (a) Experimentally observed PXRD pattern of 6N-COF (orange), Pawley-
refined pattern (gray), difference between the experimental and calculated data
(olive), and calculated patterns for AA (navy) and AB (violet) stacking. (b) Top and
side views of the AA eclipsed stacking models of 6N-COF.

—_
=
-~

(b)

6N-COF 18

6N-COF ;1 /1
—4N-COF  j} 1
2N-COF /'

——ON-COF /7

1.04

1.5

.12

Normalized Absorption (a.u.)

400 600 800 1000 1200 10 15 20 25 30 35 40

Wavelength (nm) Energy (eV)

Fig. 2. (a) UV-vis absorption spectra and (b) Tauc plot of 6N-COF (orange), 4N-COF
(blue), 2N-COF (dark red) and ON-COF (violet) obtained with Kubelka-Munk func-
tion.

A, c=383 A, a=B=90° y=87° for 6N-COF with Ryp=>5.63%
and R,=3.98% a=b=3253 A, c=3.84 A, a=8=90°, y=88°
for 4N-COF with Ryp=4.51% and R, =2.81%; and a=b=32.58 A,
c=3.78 A, aa=8=90°, y =86° for 2N-COF with Rywp=3.26% and
Rp=2.47%.

The morphologies of the as-synthesized COFs were character-
ized by scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). Both SEM and TEM images manifested all
N-COFs exhibited aggregated block-shaped morphologies (Figs. S9-
S12 in Supporting information). The thermal stabilities of these
COFs were probed by thermogravimetric analysis (TGA) (Fig. S15 in
Supporting information). It showed 6N-COF, 4N-COF, 2N-COF and
ON-COF could still maintain 90% of their initial weights up to 303
°C, 277 °C, 365 °C and 449 °C, respectively, which indicated good
thermal stabilities of these COFs.

The porosities of the targeted COFs were evaluated by N, sorp-
tion and desorption measurements at 77 K. As depicted in Fig. S8
(Supporting information), the N, adsorption isotherms of 6N-COF,
4N-COF and 2N-COF exhibited typical type-IV isotherms, which
indicated their mesoporous properties. From the N, adsorption
isotherms, the Brunauer-Emmett-Teller (BET) surface areas of 6N-
COF, 4N-COF and 2N-COF were calculated to be 1225, 1621 and
1798 m?2/g respectively. In addition, the average pore sizes of 6N-
COF, 4N-COF and 2N-COF were calculated to be 3.10, 3.34 and
3.10 nm respectively, with the nonlocal density functional theory
(NLDFT) method, which were consistent with the results calculated
from PXRD data.

As shown in Fig. 2a, ON-COF, 2N-COF, 4N-COF and 6N-COF dis-
played a broad light absorption, centered around 469, 493, 505
and 530 nm respectively, which were probably due to the -
m* transitions of the extended conjugations of N-COFs. The ap-
parent red-shifted peak absorptions of 4N-COF and 6N-COF, com-
pared with those of ON-COF and 2N-COF were consistent with
the calculated much higher planarity of the building blocks of
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Fig. 3. Calculated HOMO and LUMO levels of 6N-COF (orange), 4N-COF (blue), 2N-
COF (brownish red), ON-COF (purple) and DIPEA (red).

a)
( 6 O 6N-COF o
u\|.»—©—| + B8 B ()\h-‘@—ll\
J o DIPEA v
CH;CN/H,0
la
(b) © 100

Conversion (%)
- -3 *®

w
S

Il

12345678910
Cycle number

Conversion (%)
-
=)

o H =] g
S N3 S
o &S

N ¢*
o >

o K
< & ¢
& &

o
‘o“ Sl

$
-
o

a

Fig. 4. (a) Borylation of 4-iodo-anisole. (b) Control experiments for borylation of 4-
iodo-anisole under different conditions. (c) Assessment of the reusability of 6N-COF
for the borylation of 4-iodo-anisole.

6N-COF and 4N-COF than those of ON-COF, and 2N-COF (Fig. S24
in Supporting information). In general, N-COFs show notable ab-
sorptions covering the whole visible light region and the opti-
cal band gaps (Eg) of ON-COF, 2N-COF, 4N-COF and 6N-COF were
2.02, 1.71, 1.75 and 1.40 eV, respectively, deduced from their ab-
sorption edges (Fig. 2b). Furthermore, cyclic voltammetry (CV) was
performed to study the electrochemical properties of N-COFs with
three-electrode system. As shown in Fig. S13 (Supporting informa-
tion), the N-COFs displayed redox-active properties with notable
oxidation and reduction peaks. The highest occupied molecular or-
bitals (HOMOs) of 6N-COF, 4N-COF, 2N-COF and ON-COF were cal-
culated to be —5.56, —4.99, —5.51 and —5.06 eV, respectively by
comparing their oxidation onsets with that of ferrocene [37]. As
shown in Fig. 3, the HOMO levels of N-COFs are close to that
of N,N-diisopropylethylamine (DIPEA, a typical sacrificial reagent
in photocatalytic reactions, Fig. S14a in Supporting information),
which could facilitate the charge transport between the N-COFs
and DIPEA during photocatalytic process [34,35].

Considering the nitrogen-rich architectures, high surface ar-
eas, broad light absorption and good stabilities of the targeted
COFs, these COFs as the photocatalysts were attempted to medi-
ate the borylation of aryl iodides into aryl boronic esters [38]. Tak-
ing 6N-COF as the model and 4-iodo-anisole and bis(pinacolato)
boron as the substrates, we initially evaluated the catalytic per-
formance of 6N-COF (Fig. 4a). As shown in Fig. 4b, we evaluated
the influences of the catalyst, the sacrificial reagent—DIPEA and
the light on the conversion efficiency of 4-iodo-anisole into 4-
methoxybenzeneboronic acid pinacol ester. It showed the conver-
sion of the reaction was up to 98% after reacting for 3.5 h, when
6N-COF, DIPEA and visible light (=400 nm) were all applied. Keep-
ing other conditions constant, however, the conversion was re-
duced to only 13% without light, 9% without DIPEA and 37% with-
out 6N-COF. Therefore, it infers that the catalyst, sacrificial reagent
and light radiation are all indispensable factors to render high con-
versions of this reaction. Furthermore, we investigated the catalytic

Chinese Chemical Letters 34 (2023) 107584

Table 1
Substrate scope of the borylation of aryl iodide under visible light irradiation.
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performances of the other COFs, i.e., 4N-COF, 2N-COF and ON-COF
at the same conditions as those for 6N-COF; it showed the conver-
sion reached 88%, 44% and 21% for 2N-COF, ON-COF and 4N-COF
respectively (Table S2 in Supporting information). Consequently, it
indicates 6N-COF outperforms the other three COFs as the pho-
tocatalyst for the borylation of aryl iodide under the same con-
ditions. The better performance of 6N-COF could be attributed to
several reasons, e.g., broad light absorption, high surface area, and
the proper energy level to render effective charge transfer during
the reaction of 6N-COF.

To evaluate the applicability of 6N-COF as photocatalyst to pro-
mote the borylation of diverse aryl iodides, different aryl iodides
were tested for the reaction. As shown in Table 1, the catalytic
conversion efficiencies are quite high (>76%) for both aryl iodides
containing electron withdrawing groups (e.g., cyano, chloro, and
formyl) and aryl iodides incorporating electron-donating groups
(e.g., methoxy, alkyl). Therefore, it seems 6N-COF could effectively
catalyze the borylation reaction in a broad substrate scope.

To evaluate the recyclability of 6N-COF as the photocatalyst,
the recycling experiments were performed. After each test, 6N-COF
could be easily recovered by centrifuge and subsequent washing
with acetonitrile. As depicted in Fig. 4c, the conversion of the prod-
uct could still reach 98% after 10 cycles, which suggested high re-
cyclability of 6N-COF as a photocatalyst.

To investigate the photocatalytic mechanism of these N-COFs,
we performed the electron paramagnetic resonance (EPR) mea-
surement for the mixture of the 6N-COF, DIPEA in CH5CN/H,0
solution after visible-light irradiation for 30 min. As shown in
Fig. S16a (Supporting information), EPR spectra indicated a sextet
(marked with stars) and a roughly quartet peak signals (marked
with triangles), which revealed the existence of carbon and nitro-
gen centered radicals respectively [33]. In addition, a notable small
peak (~21 ppm) appeared in the "B NMR spectra of the mixture
of bis(pinacolato) boron and DIPEA, corresponding to the hydroxy-
substituted bis(pinacolato) boron anion intermediate 1 (Figs. S16b
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and S22 in Supporting information); however, this peak was min-
imal in the "B NMR spectra of bare bis(pinacolato) boron or the
mixture of bis(pinacolato) boron and 4-iodo-anisole; it suggested
the interaction between bis(pinacolato) boron and DIPEA promoted
the formation of intermediate 1 [34].

Based on the above experiments and the previous reports
[34,35], we proposed a probable photocatalytic mechanism of our
COFs to mediate the borylation of aryl iodides (Fig. S22). On the
one hand, treatment of bis(pinacolato) boron (B) with water in
the presence of DIPEA leads to hydroxy-substituted bis(pinacolato)
boron anion (1) and 2 (DIPEAH*). On the other hand, irradiation
of photocatalyst COF with xenon lamp provides an excited COF*
intermediate, and then a single-electron transfer of DIPEA to COF*
affords the COF~ radical anion and DIPEA'* radical cation. After
that, electron transfer between COF~ and aryl halide (A) forms
aryl halide radical ainon 4 and regenerates COF for the next cat-
alytic cycle. Then, elimination of halogen anion (X~) from radical
anion 4 gives aryl radical 5 which subsequently reacts with 1 to
generate aryl boronic ester radical anion 7. Finally, electron trans-
fer between 7 and DIPEA'* produces the aryl boronic ester (C).

In conclusion, three new pyrene-based, nitrogen-rich and
imine-linked 2D COFs were successfully prepared. These COFs ex-
hibited excellent crystallinity, high specific surface areas, broad
light absorption and redox-active properties. Interestingly, these
COFs demonstrate their capability as photocatalysts to mediate the
borylation of aryl iodides, which to the best of our knowledge, rep-
resent the first examples of COF catalysts for the borylation of aryl
halides. In addition, 6N-COF outperformed the other three COFs in
the photocatalytic performance, which could be attributed to its
proper energy levels, broader light absorption and high specific
surface area. This work expands the COF-catalyzed reaction scopes
and provides insights into designing high-performance COF-based
photocataylsts.
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