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Predesign of Covalent-Organic Frameworks for Efficient
Photocatalytic Dehydrogenative Cross-Coupling Reaction

Yu Chen, Sheng-Nan Sun, Xiao-Hong Chen, Ming-Lin Chen, Jiao-Min Lin,* Qian Niu,

Shun-Li Li, Jiang Liu,* and Ya-Qian Lan*

The dehydrogenative cross-coupling reaction is the premier route for
synthesizing important 4-quinazolinone drugs. However, it usually requires
high reaction temperature and long reaction time, and the yield of the final
product is low. Here two stable and photosensitive covalent-organic
frameworks (COFs), TAPP-An and TAPP-Cu-An are purposefully designed
and constructed to serve as unprecedented heterogeneous tandem catalysts
to complete dehydrogenative cross-coupling reactions in a short time and
under mild reaction conditions (room temperature and light), leading to the
high-efficient photosynthesis of 4-quinazolinones. Particularly, TAPP-Cu-An
is the best heterogeneous catalyst currently available for the synthesis of

been widely used in medicine and pesticide
fields."?l In general, these compounds
are obtained by dehydrogenative cross-
coupling reaction,**) alkenes difunctional-
ization reaction,>¢! oxidative ring-opening
reaction,”#] and cycloaddition reaction.[*1?!
Especially, dehydrogenative cross-coupling
reaction, an important method to con-
struct C—C, C—N, and C—O bonds, can
achieve the synthesis of complex poly-
cyclic structures under relatively mild
conditions.['!] Therefore, widespread at-
tention has been paid to synthesizing

4-quinazolinones, even surpassing all the catalysts reported so far. It also
enables one-step photosynthesis of 4-quinazolinones with higher conversion
(>99%) and selectivity (>99%) in a shorter time, and the product can be
easily prepared on a gram scale. Extensive experiments combined with
theoretical calculations show that the excellent photogenerated charge
separation and transport capability, as well as the synergistic An-Cu catalysis
in TAPP-Cu-An are the main driving forces for this efficient reaction.

1. Introduction

Quinazolinones represent a class of drug molecules with ex-
cellent physiological and pharmacological activities, which have
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4-quinazolinone via inter- and intramolec-
ular dehydrogenative cross-coupling of
cycloamine and 2-aminobenzaldehyde
(alcohol).[?l However, there are still some
drawbacks to this method, for example,
complex reaction conditions, high energy
consumption (high temperature and long
reaction time), and low yield of product.
Moreover, the common use of homoge-
neous catalysts (Cu salt or small organic
molecules) makes recycling hard.1"3! In this
case, it is very important and necessary to develop effective het-
erogeneous catalysts to realize the synthesis of 4-quinazolinone
with high selectivity and conversion by the dehydrogenative
cross-coupling reaction under milder reaction conditions with
lower energy consumption and shorter time, for example, pho-
tocatalysis.

In order to achieve the above purpose, it is crucial to sys-
tematically study the different catalytic processes involved in
the dehydrogenative cross-coupling reaction for the synthesis
of 4-quinazolinone.!'* This reaction usually undergoes succes-
sive dehydrogenative oxidation of cycloamines to imine, nucle-
ophilic addition (a spontaneous process), and intramolecular
cross-oxidative coupling between 2-aminobenzaldehyde (alcohol)
and imine under O, atmosphere, which acts as an oxidizing agent
to activate the key reactants. Therefore, we believe that as far
as the structural design of the catalyst is concerned, the corre-
sponding effective catalyst should have the following characteris-
tics: i) High structural stability to achieve heterogeneous cataly-
sis. ii) Responding to specific external stimuli (e.g., sunlight) so
that the reaction occurs under mild and low energy conditions.
iii) The ability to activate O, and complete the subsequent oxida-
tion reaction processes. iv) Active Cu sites to catalyze intramolec-
ular cross-oxidative coupling processes. If these advantages are
combined into a catalyst, it is possible to achieve the synthesis of
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Scheme 1. Synthesis of 4-quinazolinone drug molecules through efficiently photocatalytic dehydrogenative cross-coupling reaction by photosensitive

and stable porphyrin-based COF.

4-quinazolinone in a more efficient manner. With regard to these
design requirements for catalysts, covalent-organic frameworks
(COFs), a new class of crystalline porous material, may be an
ideal catalyst model to study this reaction since their structures
can be controlled by pre-design.['>"'7] And with their high stability
and structural designability, they have been widely applied in gas
storage and separation,['*-2°] photo-electrocatalysis,21-2*] batter-
ies, and energy storage.*2%] It is worth noting that some works
have been done on the application of COF materials in organic
catalysis.[27]

Based on the above considerations, we designed and synthe-
sized a series of COF tandem catalysts, TAPP-An and TAPP-
M-An (M = Mn, Cu), using porphyrins/metalloporphyrins
(TAPP/TAPP-M) and anthracene anhydride (An). These catalysts
exhibit very high structural stability and excellent light capture
capability. The light absorption range covers the entire ultravio-
let to infrared region. Significantly, both anthracene and metal-
loporphyrin monomers have the ability to efficiently absorb sun-
light and activate O, to 10,.[*>*}] Besides, the metalloporphyrin
can also serve as an active component to catalyze the intramolec-
ular cross-oxidation coupling reaction. It is clear that the advan-
tages of these COF materials are well suited to the design require-
ments of the catalysts to achieve more advanced dehydrogenative
cross-coupling reactions. Thus, the above COF materials were
used as photocatalysts to catalyze a light-driven dehydrogenative
cross-coupling reaction to synthesize 4-quinazolinone derivatives
with 1,2,3,4-tetrahydroisoquinoline and 2-aminobenzaldehyde
as reactants and without the addition of any other reagents.
Systematic catalytic studies revealed that TAPP-An can effec-
tively complete the photo-induced dehydrogenation of 1,2,3,4-
tetrahydroisoquinoline to 3, 4-dihydroisoquinoline, while TAPP-
M-An can effectively complete the cross-oxidative coupling re-
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action of 3, 4-dihydroisoquinoline and 2-aminobenzaldehyde
to produce 5, 6-dihydro-8 H-isoquinolino[1, 2-b]quinazolin-8-one
(3a). Moreover, when TAPP-Cu-An was used as a heteroge-
neous catalyst, the one-step photocatalytic conversion of 1,2,3,4-
tetrahydroisoquinoline and 2-aminobenzaldehyde to 3a can be
realized in a short reaction time (6 h) with conversion and se-
lectivity up to 99% (Scheme 1). More importantly, the reaction
also allows for gram-scale preparation of 3a in such a mild and
low-energy manner. This work confirms for the first time the im-
portant application of crystalline COF tandem catalyst in the syn-
thesis of 4-quinazolinone compounds.

2. Results

2.1. Synthesis and Characterization of Covalent-Organic
Frameworks photocatalysts

Precursor 5, 10, 15, 20-Tetrakis(4-aminophenyl) porphyrin (de-
noted TAPP) was obtained from commercial sources, and other
two precursors 1H, 3H-Anthra[2, 3-c:6, 7-c’|difuran-1, 3, 7, 9-
tetrone (denoted An) and 5, 10, 15, 20-Tetrakis(4-aminophenyl)
porphyrin-M (M = Mn, Cu, denoted TAPP-M) were prepared ac-
cording to the previously reported methods.[3¢3’] TAPP-An and
TAPP-M-An were synthesized using an ionothermal solvent-free
method in a eutectic salt mixture of anhydrous zinc chloride
(ZnCly) and sodium chloride (NaCl) under vacuum conditions
(Figure 1a) (see S1).*8] Powder X-ray diffraction (PXRD) patterns
of TAPP-An and TAPP-M-An revealed that they are isostructural.
Thus, TAPP-An was taken as an example for the structural anal-
ysis (the structural analysis for TAPP-M-An (M = Mn, Cu) was
provided in Figure S2, Supporting Information). As shown in
Figure 1Db, the PXRD pattern of TAPP-An displayed a strong
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Figure 1. a) Schematic of the synthesis of TAPP-An and TAPP-M-An. b) Experimental and simulated PXRD patterns of TAPP-An. c) FT-IR spectra of
TAPP-An. d) '*C CP/MAS NMR spectrum of TAPP-An. (The assignments of '*C chemical shifts of TAPP-An are indicated in the chemical structure.).

diffraction peak at 260 = 2.9°, along with several minor peaks at
6.0°,9.1°, 12.3° and 21.7°. To elucidate its crystal structure, two
possible 2D layer stacking models (AA and AB stacking models)
that may crystalize in the P-42m and P-421m space groups were
built up using Materials Studio. The results revealed that the ex-
perimental PXRD pattern matches well with the simulated one
from the AA stacking model. To further confirm this structural
model, structural refinement based on the perimental PXRD data
of TAPP-An was carried out. The unit cell parameters of a = b =
30.19 A, ¢ = 4.03 A with good residual factors of R,, =2.14%and
R, = 1.62% can be achieved using Pawley refinement, demon-
strating the validity of this calculation model (the structural in-
formation for the AB stacking model was displayed in Figure S6,
Supporting Information). According to this structural model, the
PXRD peaks at 26 = 2.9°, 6.0°, 9.1°, 12.3°, and 21.7° can be at-
tributed to the (110), (200), (300), (400), and (700) crystal planes,
respectively (Figure 1b). After AA stacking, TAPP-An has a large
square channel (theoretical pore size, 2.48 X 2.48 nm) along the
c-axis and the interlayer distance is 4.03 A (Figure 1a). In the
Fourier transform infrared (FT-IR) spectroscopy of TAPP-An, the
tensile vibration peak a~3330 cm™ for the NH,- groups disap-
peared, while the tensile vibration peak at 1790 cm™! for C=0
bonds remained, and a new characteristic peak at 1710 cm ™ that
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corresponding to the C-N stretching vibration of amides is ap-
peared. These suggest the occurrence of the condensation reac-
tion between the TAPP and An units, and the formation of the
amide connection network (Figure 1c). In addition, in the *C
CP/MAS NMR spectrum of TAPP-An, the signals of the main
carbon atoms and the carbon atom involved in the amide bond
(at 166 ppm) can all be observed (Figure 1d), further verifying the
successful synthesis of this compound.

Nadsorption-desorption measurements at 77 K revealed that
the Brunauer-Emmett-Teller (BET) surface area of TAPP-An is
~458.3 m? g~! and the pore size is #2.50 nm, which is in good
agreement with the results predicted from the theoretical struc-
ture model (Figure 2a). Scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and high-resolution
TEM (HR-TEM) were conducted to characterize the morphology
of TAPP-An, which revealed that it is rough spherical nanoparti-
cles (domain size in the range of > 300 nm) (Figures S26—S28,
Supporting Information). In the HR-TEM images, a lattice spac-
ing of 3.48 A can be observed, which corresponds to the (331)
crystal face of TAPP-An (Figure S26b, Supporting Informa-
tion), validating the high crystallinity of this compound. Besides,
the energy dispersive X-ray spectroscopy (EDS) mapping shows
that the C, N, and O elements are evenly distributed across
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Figure 2. a) N, adsorption curve of TAPP-An, TAPP-Cu-An at 77 K. b) Solid-state UV/Vis absorption spectra of TAPP-An, TAPP-M-An (M = Mn, Cu).
¢) Tauc plots of TAPP-An, TAPP-M-An (M = Mn, Cu) calculated by the Kubelka—Munk (KM) method. d) Mott-Schottky plot for TAPP-Cu-An. e) Band-
structure diagram of TAPP-An, TAPP-M-An (M = Mn, Cu). f) Transient photocurrent response of TAPP-An, TAPP-M-An (M = Mn, Cu).

the nanoparticles, indicating the high uniformity of TAPP-An
(Figure S26¢, Supporting Information). ICP results showed that
the content of residual Zn in all COFS was negligible (Table S4,
Supporting Information). In order to investigate whether these
COFs can remain stable in the dehydrogenative cross-coupling
reaction conditions, their thermal and chemical stability were
measured. The thermogravimetric analysis (TGA) of TAPP-An
shows that there is no significant weightlessness before 400 °C,
suggesting good thermal stability (Figure S13, Supporting Infor-
mation). In addition, when the samples of TAPP-An were im-
mersed in different organic solvents or an aqueous solution with
different pH values for one weak, their PXRD pattern matched
well with the simulated one, indicating the structural skeleton
of TAPP-An remained intact, and further proved that TAPP-An
had high chemical stability (Figure S29, Supporting Informa-
tion). Similarly, the structure and morphology of TAPP-M-An
(M = Mn, Cu) were well characterized by PXRD, FI-IR, BC
CP/MAS NMR, TGA, N, adsorption, SEM, TEM, EDS mapping
and XPS(Figures S2-S28, S30, S50, Supporting Information).

2.2. Photophysical Characterization of TAPP-An and TAPP-M-An
(M = Mn, Cu)

According to the design requirements of an ideal photocata-
lyst for the dehydrogenative cross-coupling reaction to synthe-
size 4-quinazolinone, its photophysical properties play an im-
portant role in this reaction. Thus, we investigated the photo-
physical properties of these COF materials first. The UV-vis
diffuse reflection spectroscopy (DRS) measurements reveal that
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these COFs display exceptional light absorption within the wave-
length range of 200-2500 nm, suggesting their light absorption
range can cover the entire ultraviolet to infrared region, which
is rarely observed among COF materials (Figure 2b). The op-
tical band gaps of TAPP-An and TAPP-M-An (M = Mn, Cu)
were determined by Tauc diagram analysis using Kubelka—Munk
(KM) method, and the results reveal that they are 2.40, 2.13,
and 1.90 eV, respectively (Figure 2c). In addition, Mott-Schottky
(MS) measurements were conducted to determine the conduc-
tion band (CB) positions of TAPP-An and TAPP-M-An (M = Mn,
Cu) (Figure 2d and Figures S31, S32, Supporting Information),
which were —0.42, —0.35, and—0.51 V, respectively. Thus, their
valence band (VB) were estimated to be 1.98, 1.78, and 1.39 V,
respectively (Figure 2e), which are similar to those obtained
from the UV photoelectron spectroscopy (UPS) measurements
(2.05, 1.83, and 1.38 V, respectively, Figures S33-S35, Supporting
Information).*! Subsequently, the photocurrent response mea-
surements were conducted to characterize the separating effi-
ciency of light-generated carriers. The results reveal that TAPP-
Cu-An has the highest transient photocurrent response, indicat-
ing its superior charge separation performance, as compared to
the other two samples (Figure 2f).

2.3. Photocatalytic Dehydrogenative Cross-Coupling Reaction
Based on the excellent photophysical properties and high stabil-
ity of TAPP-An and TAPP-M-An (M = Mn, Cu), and considering

the existing problems of the synthesis of 4-quinazolinone,
we used these COFs as catalysts for the photosynthesis

© 2024 Wiley-VCH GmbH
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Figure 3. a) Conversion and selectivity of Process 1 over four different catalyst groups (No Catalyst, TAPP-An, TAPP-M-An (M = Mn, Cu)). b) Conversion
and selectivity of Process 2 over four different catalyst groups (No Catalyst, TAPP-An, TAPP-M-An (M = Mn, Cu)). (Conversion and selectivity were

quantitatively calculated by GC-MS.).

of 4-quinazolinone, with 5,6-dihydro-8H-isoquinolino[1,2-
b]quinazolin-8-one (3a) as a model product. According to the
existing reaction mechanism, there are two separate processes in
the synthesis of 3a, that is, the dehydrogenative oxidation process
of 1,2,3,4-tetrahydroisoquinolines (1a), and the intramolecular
oxidative coupling process after the addition of dehydrogena-
tive oxidation products to amino groups. In order to evaluate
whether these COF catalysts can achieve the synthesis of 3a
and to determine the reaction mechanism, we studied the two
reaction processes step by step.

First, we investigated the photocatalytic performance of TAPP-
An and TAPP-M-An (M = Mn, Cu) for the dehydrogenative oxi-
dation of 1a to form the target product 3, 4-dihydroisoquinoline
(2a). The liquid products were analyzed by gas chromatography-
mass spectrometry (GC-MS). As shown in Figure 3a, for these
three COF photocatalysts, TAPP-An shows the best photocatalytic
performance with the substrate conversion of more than 99%,
and selectivity of the products 3, 4-dihydroisoquinoline (2a) and
isoquinoline (2b) reaches 86% and 12%, respectively. Compared
with those without catalysts, TAPP-An could effectively increase
the 2a selectivity and reduce the generation of by-product 2b. Be-
sides, a series of controlled experiments were conducted to de-
termine the indispensable reaction conditions (Table S5, Sup-
porting Information). First, the photocatalytic performance of the
TAPP and An monomers were examined. The results reveal that
both monomers can achieve a good substrate conversion of 88%
(for TAPP, homogeneous catalyst) and 96% (for An), but the prod-
uct selectivity is quite different. Specifically, the selectivity of the
product 2a of TAPP (Sel. 2a, 9%; 2b, 25%) is much lower than that
of An (Sel. 2a, 51%; 2b, 32%), which suggests that in TAPP-An,
An plays the major role in determining the selectivity of 2a prod-
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uct. Specifically, the selectivity of the product 2a of TAPP (Sel.
2a, 9%; 2b, 25%) is much lower than that of An (Sel. 2a, 51%; 2b,
32%), which suggests thatin TAPP-An, An can improve the selec-
tivity of 2a product. In addition, photocatalyst, oxygen, and light
are all essential conditions for this dehydrogenative oxidation re-
action. Without these conditions, only a little or trace 2a product
can be observed. Totally, under the O, atmosphere, TAPP-An can
convert 1a to 2a with high conversion (99%) and high selectivity
(86%) upon 12 h light-irradiation, which are better than those of
TAPP-M-An. These results suggest in this step of the reaction,
the An unit can improve the selectivity of 2a product, while the
TAPP-M unit may lead to over oxidate 1a into 2b product. Thus,
TAPP-An can indeed be an effective photocatalyst for this dehy-
drogenative oxidation reaction, in which An unit can achieve reg-
ulation of the product selectivity.

Subsequently, these COFs were further applied to study the
photocatalytic intramolecular oxidative coupling reaction, which
occurs after the nucleophilic addition of 2a and 2- aminoben-
zaldehyde (2c). As displayed in Figure 3D, for this photocatalytic
cross-coupling reaction, TAPP-Cu-An shows the best photocat-
alytic performance, with the 2a conversion of 99% and 3a se-
lectivity of >99%, which is slightly higher than that of TAPP-
Mn-An (Conv. 95% and Sel. 96%). Moreover, although TAPP-An
can achieve high conversion (>99%) of 2a, it is hard to obtain
the target product (3a) with high selectivity (62%). These results
demonstrate the importance of the metal catalytic site (Cu*,
Mn?*) in this step of the reaction (Cu is the best), which is con-
sistent with the previous report.[3! To further investigate the cat-
alytic site, the photo-catalytic performances of the two monomers
(TAPP-Cu (homogeneous) and An) were measured, and a series
of controlled experiments were conducted. As shown in Table S6
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Figure 4. a) Conversion and selectivity of dehydrogenative cross-coupling reaction over four different catalyst groups (No Catalyst, TAPP-An, TAPP-M-An
(M = Mn, Cu)). b) The product yield of the gram-scale reaction. (Conversion and selectivity were quantitatively calculated by GC-MS.).

(Supporting Information), the conversion of 2a catalyzed by
TAPP-Cu and An are >99% and 93%, and the 3a product selec-
tivity are 95% and >99%, respectively. It can be clearly seen that
the photocatalytic performance of TAPP-Cu is slightly better than
that of An, which further proves that although both TAPP-Cu and
An contribute to this reaction process, the TAPP-Cu plays the
major catalytic role. In Ar atmospheres, the photocatalytic per-
formance decreases significantly, proving O, is involved in this
reaction. Under visible light and dark environments, the pho-
tocatalytic performance decreases dramatically, indicating that
this reaction requires light excitation and different light bands
have a great influence on it. Totally, under an O, atmosphere,
TAPP-Cu-An can convert 2a to 3a with a high conversion of 99%
and high selectivity of >99% through photocatalysis within 6 h.
Therefore, TAPP-Cu-An is an effective photocatalyst for the ox-
idative coupling reaction between 2a and 2c, in which TAPP-Cu
is the specific catalytic site.

The above experiments evident that the An unit in the COFs
can improve the 2a product selectivity in the first step of the
reaction (dehydrogenative oxidation of cycloamines), while the
TAPP-Cu unit can improve the yield of 3a product in the sec-
ond step of the reaction (intramolecular oxidative cross-coupling
following nucleophilic addition of amino to cycloamines). Based
on this fact, we further verified whether TAPP-Cu-An can be
a tandem photocatalyst to directly complete the dehydrogena-
tive cross-coupling between 1a and 2c. As shown in Figure 4a,
TAPP-Cu-An exhibits the best catalytic performance, and it can
achieve both substrate conversion and product selectivity up to
99% within 6 h. For TAPP-Mn-An and TAPP-An, although they
can also achieve near 100% substrate (2a) conversion, the selec-
tivity of 3a is only 66% and 75%, respectively. Similarly, for the
control group without COF catalyst, although high substrate con-

Adv. Mater. 2024, 2413638

2413638 (6 of 11)

version (2a Conv. >99%) could be achieved, the target product se-
lectivity (3a Sel. 50%) is much lower than that of all COF catalysts,
which proves that COF catalyst played a good catalytic role for
this reaction and greatly improved the product selectivity (3a). To
further study the two different processes of this reaction, the pho-
tocatalytic performances of the two crucial monomers TAPP-Cu
(homogeneous) and An, and a series of controlled experiments
were investigated (Table S7, Supporting Information). For TAPP-
Cu and An, the 2a substrate conversion is near 100%, but the
product (3a) selectivity is #80% and 75%, respectively, indicating
that both of them have a catalytic contribution to this reaction,
and they have synergistic catalytic effect when they form COFs.
No target product (3a) was observed under Ar atmosphere, vis-
ible light, or dark conditions, further proving that O, and light
irradiation are essential for this reaction. To ensure the accuracy
of catalytic reaction data, we measured and calculated the appar-
ent quantum yield (AQY) and the reaction rate of the tandem
reaction under ultraviolet and visible light irradiation (Table S8,
Supporting Information). The results revealed that under ultra-
violet light (350 nm) irradiation, the AQY is 6.86 x 10~/ and
the reaction rate is 0.017 mmol g~'h~!, while under visible light
(450 nm) irradiation, the AQY is 3.07 X 1077 and the reaction rate
is 0.010 mmol g~! h=1.

Based on the above experiments, it can be seen that in the first
reaction process, the photocatalytic performance of TAPP-Cu-An
is not as good as that of TAPP-An, which is mainly because al-
though both An and TAPP-Cu can activate O, to oxidize 1a, the
oxidation selectivity of TAPP-Cu cannot achieve the same level of
An. While when TAPP-Cu and An joined together, the oxidation
of O, after photoactivation is overactive, making la over oxida-
tion, and thus for TAPP-Cu-An, the selectivity of the target prod-
uct (3a) is not very high. On the other hand, in the second process,
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TAPP-Cu-An displayed better photocatalytic performance than
that of TAPP-An, which is mainly because the presence of metal
sites can catalyze the intramolecular oxidation cross-coupling re-
action, and thus the target product can be obtained in high selec-
tivity. Totally, in the one-step tandem photocatalytic dehydrogena-
tive cross-coupling reaction of 1a and 2¢, TAPP-Cu-An displayed
the best catalytic performance among the three COF materials.
This is should be because in this one-step tandem photocatalytic
reaction, the An and TAPP-Cu components in TAPP-Cu-An can
cooperate together to achieve efficient O, activation for oxidizing
1a to form 2a with high selectivity, and then 2a nucleophilic ad-
dition with 2¢, and quickly underwent intramolecular oxidative
cross-coupling reaction to form 3a under the catalysis of TAPP-
Cu component.

Considering the good catalytic performance and easy prepara-
tion of TAPP-Cu-An, the one-step tandem reaction was enlarged
by ~50 times. The result revealed that the substratela can be
completely converted into 3a with ~#100% selectivity within 24 h,
and ~1 g of 3a can be obtained at one time (Figure 4b), indi-
cating the great application potential of this TAPP-Cu-An pho-
tocatalyst. In addition, after photocatalytic reaction, all COF ma-
terials remained solids, suggesting their heterogeneous catalytic
nature. Furthermore, the XRD, IR, and XPS patterns of these
samples after photocatalytic reaction remain similar to those be-
fore the catalytic reaction, proving the high structural stability of
these COF catalysts (Figures S47-S52, Supporting Information).
To verify the heterogeneous catalytic stability of TAPP-Cu-An, we
conducted 1 h catalytic cycles and gram-scale reaction cycles. The
results revealed that in the 1 h catalytic cycle, the substrate con-
version and product selectivity did not show significantly reduc-
tion until the seventh cycle (Figure S45, supporting information).
Besides, in gram-scale reaction cycles, TAPP-Cu-An was able to
maintain high substrate conversion (>99%) and product selectiv-
ity (99%) within 3 cycles (Figure S46, supporting information).
These results proved that TAPP-Cu-An has high heterogeneous
catalytic stability. To verify the importance of An in the tandem
reaction, COF-366 and COF-366-Cu were synthesized as com-
parison samples (Figure S42, Supporting Information). Catalytic
performance results revealed that for COF-366, the 1a conversion
and 3a product selectivity are 90% and 60%, respectively, which
are lower than that of TAPP-An (Figure S43, Supporting Informa-
tion). While for COF-366-Cu, the 1a conversion and 3a product
selectivity are 86% and 59%, respectively, which are lower than
that of TAPP-Cu-An. These results suggest that both TAPP-An
and TAPP-Cu-An with An unit have better catalytic performance
than COF-366 and COF-366-Cu, suggesting An unit is indeed
needed for our catalysts.

To further demonstrate the catalytic universality of TAPP-
Cu-An in the one-step photosynthesis of 4-quinazolinone com-
pounds, substrate extension studies were performed. As shown
in Table 1, different substrates in this one-step reaction can pro-
ceed smoothly and provide the desired product with moderate to
high product yield (see 3b-3f). The substituent groups in the aro-
matic ring (2d-2f) had little effect on the formation of the product.
In particular, the enhanced conjugation effect of the pyridine ring
on the substrate 2f was beneficial to the product formation with
high selectivity, while the electron-withdrawing substituents on
the aromatic ring of the substrate (2d,2e) were not conducive to
the product formation. Meanwhile, the presence of an electron-
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withdrawing substituent (1b,1c) on the cyclic amine caused much
less product formation. This phenomenon is mainly attributed
to the substitution affecting the nucleophilicity of the reactive
arylamine and the electron density of the double bond of the cy-
cloamine intermediate. That is, the more nucleophilic the -NH,
is, the better for the formation of the product, and the lower the
electron density of double bonds in dihydroisoquinoline interme-
diates, the more favorable for the formation the product.

2.4. DFT Calculations and Mechanism

To further elucidate the reaction mechanism of the dehydrogena-
tive cross-coupling reaction, we conducted comparative experi-
ments. First, a series of quenching experiments were employed
to study and confirm the reaction mechanism for process 1 and
processec 2. The results indicated the generation of 10,, eOH,
e, and h* during process 1 and processec 2 (Figure 5a and
Figures S40a,b,c, S41, Supporting Information). Additionally, we
performed EPR spin-trapping experiments using TEMP as a trap-
ping agent, which confirmed the generation of 'O, (Figure 5b
and Figure S40d,e.f, Supporting Information). Moreover, fluores-
cence lifetime measurements indicated that all COF materials ex-
hibited fluorescence lifetimes exceeding 5 ns, with TAPP-Cu-An
having the longest fluorescence lifetime (Figure 5c). This con-
firms that these COFs have stable e~ and h* separation abilities,
with TAPP-Cu-An showing the most stable e™ and h* separation.

To determine the specific reaction mechanism of the tandem
reaction, we performed density functional theory calculations. A
simplified model, consisting of a porphyrin unit and four acid
anhydrides, was used in our calculations. The optimization of
the model was conducted at the MOG6L level using Gaussian 16
code. Frontier orbital analysis revealed that the highest occupied
molecular orbital (HOMO) was mainly located around TAPP, and
the lowest unoccupied molecular orbital (LUMO) was primar-
ily distributed near the anhydride (An) unit (Figure S53a, Sup-
porting Information). The TAPP-Cu-An showed similar distri-
butions of HOMO and LUMO (Figure 5d). This indicates that
the HOMO-to-LUMO electronic transition would result in a fully
charge-separated excited state, which could enhance the prob-
ability of triplet state formation. Additionally, since the photo-
generated electrons were mainly localized on the An unit, it is
suggested that the An could be an important reactive site. The
electronic properties of TAPP-Cu-An and TAPP-Mn-An we calcu-
lated using PBE functional with VASP code. Calculation results
demonstrated that the band gaps of TAPP-Cu-An and TAPP-Mn-
An are 0.685 and 0.247 eV (Figures S55, S56, Supporting Infor-
mation). Compared with the Figure 2e, the band gaps of COFs
are underestimated significantly, which is consistent with the
previous report.[*?] However, the energy band variation trends of
TAPP-Mn-An and TAPP-Cu-An are consistent with the calculated
results.

In the first catalytic process, when using TAPP-An as the cat-
alyst, the calculations showed that 1a could adsorb onto both An
and TAPP with similar adsorption energies (Figure S53f, h, Sup-
porting Information). However, when TAPP-Cu-An was used as
the catalyst, the adsorption energy of 1a with TAPP-Cu was signif-
icantly higher than with An, potentially leading to over-oxidation
of 1a (Figure S53b,d, Supporting Information). This suggests
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Table 1. The universality study of photocatalytic dehydrogenative cross-coupling reaction over TAPP-Cu-An.
(o}
N NH X" o TAPP-Cu-An, O, 7\ N
Ri—r + Rz—lK - > \
Z X% “NH CHiCN, Full Light R X— N/ \
_\R
(X=CH, N) 2
1.0 equiv. 1.1 equiv.
(1a-1c) (2c - 2f) (3b - 3f)
Entry?) Substrate 1 Substrate 2 Product Yield (%))
1 ©:]\IH13 ©(§O 2c o ; >99
a
NH, S EN
\Y
1a 2¢ N
3a
’ O,N 1b C(§O “ (o] 3b "
\Y
2c N
1b O,N
3b
3 mFﬂC @o 2c 57
(o] 3c
cl NH; N
Cl \
1c 2¢ N
3c
4 la Cl 2d 68
NH, N
\
la 2d N cl
3d
5 la Br: 2e 60
NH
NH, N
\Y
la 2e N Br
3e
6 ©:\/‘NH'|E| | xn \OZf 84
P o 3f
N” “NH, :< EN
1la 2”" N—¢ N
=
3f

*)Reaction conditions: substrate (1:1.1 equiv.); TAPP-Cu-An 50 mg; CH;CN 20 mL; bubbled with O, for 10 min, full light 12 h; ®)Yield of the isolated product.
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Figure 5. a) Radical quenching experiments for reaction process 1. b) 10, radical trapping experiments for reaction process 1. c) Fluorescence lifetime
of TAPP-An, TAPP-M-An (M = Mn, Cu) at E, =330 nm, E,,, = 369 nm. d) Calculated HOMO and LUMO for the model molecule TAPP-Cu-An. e) Contour

plot of spin population of TAPP-Cu-An.

that TAPP-An has higher catalytic efficiency than TAPP-Cu-An
in the initial catalytic process. Experimental results showed that
when using a mixture of 1a and 2c as reactants, TAPP-Cu-An ex-
hibited unexpectedly high catalytic performance. Based on the
computational results, we hypothesize that this may be because,
in the presence of both la and 2¢, 2c also has high adsorp-
tion energy with the Cu atom, significantly competing with 1a
(Figure S53c,e,g,i, Supporting Information). This forces more 1la
to participate in the first process of the catalysis, enhancing the
catalytic efficiency. In subsequent catalytic steps, the significant
spin population on the Cu atom (Figure 5e) allows the adsorbed
2c to also participate in the second catalytic process, further in-
creasing the catalytic efficiency. Therefore, TAPP-Cu-An showed
the best catalytic performance in one step tandem reaction. The
main reason is that the synergistic catalysis of TAPP-Cu and An
can achieve a reasonable directional adsorption of the two sub-
strates, improve the yield of 2a intermediates in process 1, and the
high catalytic activity of Cu metal site accelerates the intramolec-
ular dehydrogenation coupling reaction in process 2.113

Therefore, based on the above experimental data, theoretical
calculation results, and previous reports,[*134142] 3 plausible reac-
tion mechanism was proposed (Figure 6). In the tandem catalytic
reaction, O, is first activated to form 'O, by both TAPP-Cu and
An units.[***] Then, '0, oxidizes the substrates/intermediates
adsorbed at the TAPP-Cu and An into intermediates/tagret prod-
ucts, while itself accepting two photogenerated electrons and
two H* (removed from the oxidized substrate) to form H,0,.[*?]
The generated H, 0, is immediately catalyzed by TAPP-Cu-An to
form eOH, which continues to participate in the catalytic oxida-
tion reaction and eventually forms H,O.
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In order to verify our conjecture and exclude the influence of
H,0,, we first performed iodometry for color development of the
reaction solution immediately and determined the H,O, content
in it by ultraviolet absorption spectrometry. No UV absorption
peak of H,0, was found in the test results (Figure S44a, Support-
ing Information). After that, TAPP-An and TAPP-Cu-An were im-
mersed in H,0, iodometric chromogenic solution respectively,

CO" =5

0,

/ 2a H*
i H20; .
eﬁ: \ {S‘H
'0, -OH ©\) HN
s H*l 9 N
ox H
©) hv
A 0, H,0 A
—H*
Figure 6. The probable mechanism of the dehydrogenative cross-coupling
reaction between Ta and 2c.

N
a7
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and the change of H,0, content was detected by UV absorption
spectrum. The results show that both TAPP-Cu-An and TAPP-An
can accelerate the decomposition of H,0O,, and the rate of TAPP-
Cu-An is the fastest (Figure S44b,c,d, Supporting Information).
This confirms our conjecture about the reaction mechanism, that
is the reaction 'O, is first converted to H,0,, and then H,0, is
decomposed and produced eOH. Therefore, we believe that most
of the generated H, O, is decomposed in the reaction and has no
effect on the catalytic reaction.

3. Conclusion

In summary, we purposefully developed two photosensitive and
stable COFs, which act as unprecedented heterogeneous tandem
catalysts to complete the dehydrogenative cross-coupling reac-
tion of 1,2,3,4-tetrahydroisoquinoline and 2-aminobenzaldehyde
in a mild and energy-efficient manner in a short time, and
thus to achieve an efficient photosynthesis of 4-quinazolinone
drug molecules. Especially the best-performing TAPP-Cu-An,
with excellent photogenerated charge separation and transport
and efficient An-Cu co-catalysis, allows the photosynthesis of
4-quinazolinones at high conversion (>99%) and selectivity
(>99%) within 6 h and easily achieves gram-scale reactions.
Moreover, the corresponding catalytic reaction processes, mech-
anisms, and performance enhancement were confirmed by sin-
gle/combined COF catalysts-induced one-step/stepwise photo-
conversion experiments incorporated with theoretical calcula-
tions. This work confirms for the first time the important appli-
cation of COF catalysts in the synthesis of 4-quinazolinones, in
which the strategy of synergistic tandem catalysis of pre-designed
active components can be further used to facilitate more im-
portant organic synthesis reactions involving different catalytic
processes.

4. Experimental Section

Synthesis of TAPP-An:  5,10,15,20-Tetrakis (4-aminophenyl) porphyrin
(46.2 mg, 0.068 mmol, TAPP), 1H,3H-Anthra[2,3-¢c:6,7-¢'|difuran-1,3,7,9-
tetrone (43.2 mg, 0.136 mmol, An), anhydrous zinc chloride (228 mg,
1.66 mmol) and sodium chloride (74.4 mg, 1.27 mmol) were ground
to a fine powder in a mortar under inert atmosphere and transferred
into a 20 cm long spherical quartz tube. The quartz tube was evacuated
(<1000 mbar) for 10 min, then flame sealed and heated to 250 °C for 72 h
in a tube furnace or a muffle furnace. The quartz tube was cooled to room
temperature. The crude product was ground in a mortar and washed with
1 M HCl, water, and THF. The solvent exchange was carried out by Soxhlet
extraction with methanol overnight. The solvent was removed via super-
critical CO, drying to afford TAPP-An as a black powder.

Synthesis  of  TAPP-Mn-An: 5,10,15,20-Tetrakis (4-aminophenyl)
porphyrin-Mn (25.5 mg, 0.035 mmol, TAPP-Mn), 1H,3H-Anthra[2,3-c:6,7-
¢'|difuran-1,3,7,9-tetrone (21.6 mg, 0.068 mmol, An), anhydrous zinc
chloride (114 mg, 0.83 mmol) and sodium chloride (12.4 mg, 0.21 mmol)
were ground to a fine powder in a mortar under inert atmosphere and
transferred into a 20 cm long spherical quartz tube. The quartz tube was
evacuated (<1000 mbar) for 10 min, then flame sealed and heated to
250 °C for 72 h in a tube furnace or a muffle furnace. The quartz tube
was cooled to room temperature and then opened. The crude product
was ground in a mortar and washed with 1 m HCl, water, and THF. The
solvent exchange was carried out by Soxhlet extraction with methanol
overnight. The solvent was removed via supercritical CO, drying to afford
TAPP-Mn-An as a black powder.
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Synthesis  of  TAPP-Cu-An: 5,10,15,20-Tetrakis (4-aminophenyl)
porphyrin-Cu (25.2 mg, 0.034 mmol, TAPP-Cu), 1H,3H-Anthra[2,3-
¢:6,7-c'|difuran-1,3,7,9-tetrone (21.6 mg, 0.068 mmol, An), anhydrous
zinc chloride (114 mg, 0.83 mmol) and sodium chloride (6.2 mg,
0.11 mmol) were ground to a fine powder in a mortar under inert
atmosphere and transferred into a 20 cm long spherical quartz tube. The
quartz tube was evacuated (<1000 mbar) for 10 min, then flame sealed
and heated to 250 °C for 72 h in a tube furnace or a muffle furnace.
The quartz tube was cooled to room temperature and then opened. The
crude product was ground in a mortar and washed with 1 m HCI, water,
and THF. The solvent exchange was carried out by Soxhlet extraction
with methanol overnight. The solvent was removed via supercritical CO,
drying to afford TAPP-Cu-An as a black powder.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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