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Visible Light-Promoted Aryl Azoline Formation over
Mesoporous Organosilica as Heterogeneous Photocatalyst
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N-heterocyclic compounds demonstrate wide applications rang-
ing from natural compound production to coordination
chemistry. Usually, the synthesis of N-heterocyclic compounds
is conducted under thermal conditions, mostly by Lewis acids
or metal-containing compounds as molecular catalysts. Here,
we report a photocatalytic route for aryl azoline formation by
mesoporous organosilica as visible light-active and heteroge-
neous photocatalyst. Via formation of aromatic aldehydes with
various amines, 2-phenyl-2-imidazoline, 2-phenyl-2-oxazoline, 2-
phenyl-2-thiazoline and their derivatives could be formed with
high conversion and selectivity. Additionally, the organosilica
photocatalyst showed high stability and reusability.

N-heterocyclic compounds are widely used as important basic
structure for pharmaceuticals, agrochemicals or ligands in
organometallic chemistry."! Among the vast number of N-
heterocycles, 2-imidazolines, 2-oxazolines, and 2-thiazolines
have received most attention as ubiquitous building blocks in
biologically active natural products, drugs and enzyme inhib-
itors etc.” Until now, different preparative strategies have been
developed to synthesize azoline derivatives.”’ Conventionally,
the synthesis for N-heterocycles is conducted under thermal
conditions, in which precisely designed catalysts such as Lewis
acids™ or transition metals are used.” Recently, more environ-
mentally benign and milder reaction conditions involving
photocatalysts has been reported.” Most of the used photo-
catalyst are of homogenous nature. Heterogeneous systems,
which combine the advantages of photocatalysis and reusable
heterogeneous catalyst, have barely been applied for the
synthesis of N-heterocycles so far. Further studies in this field
are highly desired.
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Recently, visible light-active, porous organic and metal-free
materials have been employed as photocatalysts in a variety of
photoredox applications. Among them, covalent organic frame-
works (COFs),” carbon nitride®™ and conjugated microporous
polymers (CMPs)” have been developed for visible light-driven
redox reactions such as water splitting, CO, reduction,”
biosensing""” and wastewater treatment'? etc. These emerging
photocatalysts have demonstrated advantages as low toxicity,
low cost, stability and reusability. Taking advantage of the well-
designed porous structure, the photocatalysts can be further
endowed with high specific surface area with accessible active
sites and further facilitating photocatalytic reactions with
enhanced efficiency."” The diffusion of substrate molecules
during the catalytic process into the micropores and therefore
efficient contact to the active sites are limited."” To overcome
this challenge, synthesis of heterogeneous photocatalysts with
larger pores, in particular, mesoporous has been a focus for the
chemists.

Mesoporous organosilica, with their throughout porous
structure in the meso range, designable organic content and
robust nature, could offer a promising platform for photo-
catalytic applications."™ A well-designed morphology allows
reagent molecules to easily diffuse into the mesopores and
therefore the active catalytic centers within the
photocatalysts."® Recent studies involving mesoporous silica-
based materials have showed rather grafting methods for
catalyst design."” Achieving high catalyst loading onto meso-
porous silica is indeed challenging."® Light-driven organic
redox reactions have been barely reported. It is indeed highly
desired to develop mesoporous organosilica as efficient hetero-
geneous photocatalysts with high effective catalyst content and
accessible pore structure for organic photoredox reactions.
Herein, we report the design and synthesis of mesoporous
organosilica with integrated 4,7-diphenylbenzothiadiazole
(BTPh,) units as efficient photocatalyst for the photocatalytic
formation of N-heterocycles (Scheme 1). The content of the
effective photocatalytic moieties within the organosilica net-
work was controllable and their structure is easily designable.
The organosilica showed a pore size of about 5.7 nm. Via
formation of aromatic aldehydes with various diamines, 2-
phenyl-2-imidazoline, 2-phenyl-2-oxazolines, 2-phenyl-2-thiazo-
lines and their derivatives could be formed over the meso-
porous organosilica as heterogeneous photocatalyst with high
conversion and selectivity.

The synthesis details are described in the Supporting
Information (SI). 1,4-bromophenyltriethoxysilane (BPTS) was
chosen as the monomers for the synthesis of the backbone

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Scheme 1. lllustration of the design concept of the photocatalytic mesopo-
rous organosilica and their application in aryl azoline formation via addition
of aryl aldehydes and amine derivatives.
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precursor MOS—Br. The photoactive diphenyl benzothiadiazole
(BTPh,) units were then formed via successive coupling
methods, obtaining the final organosilica MOS—BT.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images showed a fused particle-like
morphology of the organosilica (Figure 1a). TEM energy dis-
persive X-ray spectroscopy (TEM-EDX) of MOS—Br and MOS—BT
revealed the successful conversion of the bromide groups on
MOS—Br, proving the chemical composition of MOS—BT (Fig-
ure S1 in Sl). Fourier transform infrared (FTIR) spectroscopy
(Figure 1b) revealed recognizable signals at 1348, 1377, 1567
and 1577 cm™', which are the typical characteristics for C=N
and N-S stretching modes in benzothiadiazole units. The strong
and wide absorption signals at 1095 cm™' can be assigned to
Si—O-Si antisymmetric stretching vibration. The Brunauer-
Emmett-Teller (BET) surface area of MOS—BT was determined to
be 339 m%/g, with pore diameter of ca. 5.7 nm (Figure S2 in SI).
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Figure 1. (a) SEM and TEM (insert) images, (b) FTIR, (c) UV/vis DR spectra, (d)
Kubelka-Munk plot and (e) HOMO and LUMO band positions of MOS—BT.
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UV/vis diffuse reflectance spectrum (DRS) of MOS—BT (Fig-
ure 1c) revealed a broad absorption range until 800 nm. The
absorption maximum at 395 nm can be assigned to that of the
BTPh, unit. Photoluminescence spectrum showed a range
between 425 nm and 700 nm with a maximum at 521 nm,
which is similar to that of the BTPh, unit (Figure S3 in SI)." The
slightly red shift of MOS—BT compared to the single BTPh,
could be attributed to the hyper conjugation effect of the
photoactive unit in MOS—BT. The optical properties of MOS—BT
of emission and absorption behaviors are similar to those of
fac-[Ir(ppy)s], a well-established molecular transition metal
photocatalyst.””

The optical band gap of 2.84 eV for MOS—BT could be
derived from the Kubelka-Munk-function (Figure 1d). Cyclic
voltammetry measurements indicated that the lowest unoccu-
pied molecular orbital (LUMO) position of MOS—BT was at
—1.30V vs SCE (Figure S5 in SI). And the highest occupied
molecular orbital (HOMO) position at 1.60 V vs SCE (Figure Te).
The HOMO and LUMO levels of MOS—BT matched the energy
positions of BTPh,. Theoretical calculations for the repeating
unit (O—Si—Ph—BT—Ph) using density functional theory (DFT) on
rB3PW91/6-311+g(d,p) level (Figure S4 in SI) revealed that the
electron densities on HOMO and LUMO are mainly located on
the BTPh, unit, indicating that the electronic structure is
determined by the donor-acceptor (D—A)-type unit BTPh..
Under nitrogen atmosphere, MOS—BT could remain intact up to
400°C as revealed by thermogravimetric analysis (TGA) (see
Figure S6 in SI). Inductively coupled plasma spectrometry (ICP)
revealed the content of Pd residue below 0.5 ppm (Figure S7 in
S).

To investigate the photocatalytic activity of MOS—BT, the
aryl azoline formation was chosen as model reaction for the
photocatalytic formation of 2-phenyl-2-imidazoline. As listed in
Table 1, the use of organosilica led to successful formation of
phenyl azoline with selectivity higher than 95%, with MOS—BT
being the most effective catalyst for a reaction conversion of
85% (entry 1). The molecular unit BTPh, used as homogeneous
photocatalyst (applied with a similar loading) showed a full
conversion of the 2-phenyl-2-imidazoline formation. MOS—BT
showed a similar efficiency to its small molecular analogue. This
indicates the good accessibility of the photocatalytically active
moieties and diffusion of reactants throughout the pores in
MOS—BT. Control experiments conducted in dark (entry 3), or
without using MOS—BT as photocatalyst led only to trace
conversion, demonstrating the essential roles of light and
photocatalyst. The same phenomenon was cognized by exclud-
ing thiophenol and oxygen from the reaction atmosphere
(entries 4, 5 in Table 1). Furthermore, various solvents (entries 6,
7 and 8 in Table 1) were investigated. After comparing, the
reaction containing dimethyl sulfoxide as solvent (entry 1 in
Table 1) was found with highest conversion.

Electron and hole scavengers were then included to
exposure the mechanistic insight and the specific roles of the
photogenerated electron/hole pair during the addition process.
By adding CuCl, as an electron scavenger, a reduced conversion
was observed (entry 9). With the addition of Kl as a hole
scavenger, only trace conversion was observed (entry 10),
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Table 1. Screening and control experiment of the formation of phenyl
aldehyde with diamine as model reaction.”’

[0 N,,>
H * H N/\/NHZ MOS-BT_, t.hlophenol -
2 DMSO, visible light, r. t. H

1 2 3
Entry  Catalyst Reaction condition Conversion Selectivity
variations [%]® [%]®

1@ MOS-BT - 85 97

2 - no catalyst trace 0

3 MOS—BT  indark trace 0

4 MOS—BT no thiophenol trace 0

5 MOS—BT no O,, under N, 12 14

6 MOS—BT in acetonitrile 20 17

7 MOS—BT in DMF 60 41

8 MOS—BT  in toluene 63 57

91 MOS—BT  electron scavenger trace 0

109 MOS-BT  hole scavenger 40 39

11 BTPh, homogeneous system >99 95

[a] Standard reaction conditions: [benzaldehyde]=0.1 M, [1,2-

diaminoethane] =0.3 M, [thiophenol]=0.1 M, [MOS—BT]=1 mg/mL, 3 mL
DMSO, blue LED lamp (460 nm, 0.26 W/cm?), room temperature, oxygen,
12 h. [b] Conversion and selectivity determined by GC-MS. [c] Benzoqui-
none as electron scavenger. [d] Kl as hole scavenger. [e] [BTPh,]=2.8 mM,
12 h.

indicating the essential role of holes for the formation of
product. The result indicates that the electron-activated super-
oxide radical (0,*") could accelerate the addition process as
active species. Notably, the catalytic efficiency and selectivity of
MOS—BT was comparable with the homogeneous system using
BTPh, (entry 11).

Electron paramagnetic resonance (EPR) experiments were
then conducted to precisely study the role of superoxide radical
during the reaction. As displayed in Figure 2a, an additional
controlling experiment, which implemented the 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a superoxide radical trapping
agent, had appealed typical EPR patterns for DMPO-0,""
adducts.

Based on the observations, a possible mechanism for
obtaining 2-phenyl-2-imidazoline by visible light assisted
catalysis is described in Figure 3. First, 1,2-diaminoethane and
benzaldehyde are dehydrated and condensed to form imine
intermediate a. Under visible-light irradiation, intermediate a
was oxidized by the photogenerated hole of MOS—BT and
intramolecular cyclization to form its cationic radical intermedi-
ate b. Meanwhile, the activated superoxide obtained a hydro-
gen atom from thiophenol. The intermediate b donates one
hydrogen atom to thiophenol radical and result in formation of
intermediate c. Finally, the desired product 2-phenyl-2-imidazo-
line is produced by deprotonation of ¢ by hydrogen abstraction
with hydrogen peroxide (Figure S8 in SI). A practical proof of
the formation of the radical intermediates could be observed
using N-tert-butyl-a-phenylnitrone (PBN) and DMPO as a radical
trapping agent (Figure 2). Thiophenol is oxidized by O, during
the reaction, the signal of DMPO—-0,*" in the sample added
with thiophenol is weaker than that of the sample without
thiophenol (Figure 2a). While by adding PBN, the formation of
the thiophenol radical could be further observed and a typical
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Figure 2. (a) EPR spectra of DMPO—OZ" adducts with MOS—BT in DMSO as
photocatalyst in darkness, under blue light irradiation (A=460 nm, 1.2 W/
cm?) with thiophenol (PhSH) or without thiophenol. (b) EPR spectra using
PBN as a radical trapping agent for the radical intermediate of thiophenol
under light irradiation. Pure PBN (black), PBN and MOS—BT under N,
atmosphere (red), under O, (blue).
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Figure 3. (a) Proposed reaction mechanisms for the photocatalytic formation
of 2-phenyl-2-imidazoline. (b) scope of the reactions using MOS—BT as
photocatalyst; the value shown in parentheses indicates the selectivity of
product.
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pattern of PBN trapped radical was logged. Under oxygen
atmosphere, the enhanced signal intensity indicated an
essential role that oxygen played within the photocatalytic
cycle. (Figure 2b).

To further explore the universal feasibility of MOS—BT as
photocatalyst, various benzaldehydes and amine derivatives
were tested for the azoline formation reaction. As displayed in
Figure 3b, high conversion and selectivity were achieved in
most examples. Both electron-donating substitution groups on
the aryl rings of the substrates (for example methoxy) and
electron-withdrawing substitution groups (for example nitro or
halides) did not affect the conversion and selectivity. Moreover,
the repeating experiments showed that MOS—BT could be
reused for the azoline formation reaction for several cycles
maintaining a stable level of conversion and selectivity (Fig-
ure S9 in Sl). The optical properties of MOS—BT barely changed
after the recycling experiments, demonstrating its robust nature
and reusability as heterogeneous photocatalyst (Figure S10 in
Sl).

In summary, we designed organosilica containing 4,7-
diphenylbenzothiadiazole as efficient heterogeneous and reus-
able photocatalyst for the formation of N-heterocyclic com-
pounds. The mesoporous organosilica possessed a pore size of
ca. 5.7 nm. addition of aromatic aldehydes with various amines
can be efficiently catalyzed, forming 2-phenyl-2-imidazoline, 2-
phenyl-2-oxazolines, 2-phenyl-2-thiazolines and their derivatives
with high conversion and selectivity. This study showed that
mesoporous organosilica can be used as efficient photocatalyst
with potential for a broader range of photocatalytic reactions.
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