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Visible-light-active benzothiadiazole-based MOFs
as efficient ROS generators for the synthesis of
benzimidazoles and benzothiazolesf
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The utilization of reactive oxygen species (ROS) in photochemical synthesis has garnered significant
attention owing to their exceptional oxidative capacity under mild conditions. Recently, metal-organic
frameworks (MOFs) have been employed to convert molecular oxygen (O;) to ROS for photocatalysis.
However, visible-light-active MOFs for effective oxygen activation remain scarce. Herein, a simple and
effective strategy, linker functionalization, is utilized to immobilize the benzothiadiazole unit inside the
UiO-68-type MOF (UiO-68-BTDB). The MOF was applied as the first example generating superoxide
radical anions (O,"") and singlet oxygen (*O,) for access to benzimidazoles and benzothiazoles in air at

room temperature. Recycling experiments were performed to confirm the stability and reusability of
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Introduction

Reactive oxygen species (ROS) represent highly active mole-
cules that are typically generated during normal oxygen metab-
olism of aerobic life."” ROS, with exceptional oxidative capa-
bilities, have presented tremendous potential in diverse
applications, including photocatalytic organic transformation
and photodynamic therapy.*® Until now, efforts have been
made to explore artificial chemical systems that produce ROS
under environmentally friendly conditions. Among them,
organic dyes and noble metal complexes have been widely
utilized as photosensitizers to generate ROS for organic
transformations.”® However, most photosensitizers suffer
from some restrictions of self-degradation, photobleaching
and aggregation-caused quenching (ACQ), thus hindering their
progress in photocatalytic reactions.'*™

Metal-organic frameworks (MOFs) have garnered signifi-
cant attention in the applications of photochemical synthesis
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UiO-68-BTDB as a robust heterogeneous catalyst.

for their highly crystalline porous structure and tunability in
chemical functionality."**® For visible-light-driven ROS gene-
ration, many predesigned organic and metal-organic chromo-
phores are employed as linkers and integrated into MOFs,
which is highly helpful to enhance the concentration of
photocatalytic sites and avoid their self-quenching within the
framework."*™'® Furthermore, the porous nature of MOFs
facilitates the transport and diffusion of ROS, thus enhancing
their further interaction with incoming reactants.’®>' On the
other hand, the heterogeneous nature of MOF catalysts confers
them with easy separation, enhanced stability, and reusability.

Among various photosensitive compounds, it is well known
that benzothiadiazoles with bicyclic electron-deficient skel-
etons exhibit unique photoelectric properties.”*>* Specifically,
benzothiadiazoles have always served as highly efficient ROS
photocatalysts because of their easily improved charge transfer
efficiency by designing donor-acceptor-donor (D-A-D) type
photosensitizers.>*® For example, a series of benzothiadia-
zole-containing linkers were introduced into the MOF frame-
works by the Li group, and the obtained JNU series of MOFs
showed photocatalytic activity for aerobic oxidation. Therefore,
immobilizing benzothiadiazole units into MOFs may be an
effective strategy to convert O, to ROS for photocatalytic reac-
tions and is desirable.

Bearing these considerations in mind, 4,4’-(benzo[c][1,2,5]
thiadiazole-4,7-diyl)dibenzoic acid (H,BTDB) was selected as
the light-harvester and organic ligand to build a visible-light-
active MOF, UiO-68-BTDB. Due to the well-isolated benzothia-
diazole chromophore in the framework, the MOF not only
retained the visible light absorption of H,BTDB, but also
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produced both singlet oxygen (*0,) and superoxide radical
anions (0, 7). UiO-68-BTDB can also be used as a photocatalyst
for the photochemical synthesis of benzimidazoles and ben-
zothiazoles. By combining the generation of 'O, and 0, ",
UiO-68-BTDB exhibits excellent photocatalytic activity in the
visible-light-induced condensation cyclization reaction to syn-
thesize benzimidazoles and benzothiazoles.

Results and discussion

A Zr(wv)-based MOF, UiO-68-BTDB, with the underlying fcu
topology, by immobilizing a z-conjugated, electron-deficient,
benzothiadiazole-functionalized ligand 4,4'-(benzo[c|[1,2,5]
thiadiazole-4,7-diyl)dibenzoic acid (H,BTDB) was synthesized
(Fig. 1a).>”*® Powder X-ray diffraction (PXRD) has been con-
ducted to exhibit its isostructural framework with the parent
MOF UiO-68 (Fig. 1b).>° The existence of the incorporated
H,BTDB linker was further verified by "H-NMR spectroscopy
and HRMS of the digested MOF samples (Fig. S1 and S2t). N,
sorption measurement at 77 K of UiO-68-BTDB exhibited a
type I reversible isotherm, and the Brunauer-Emmett-Teller
(BET) surface area was calculated to be 2484 m” g~ " (Fig. S3af).
Furthermore, the pore size was determined to be 1.34 nm
(Fig. S3bt). Meanwhile, UiO-68-BTDB maintained its structural
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Fig. 1 (a) Schematic representation of the synthesis of UiO-68-BTDB;
(b) PXRD patterns of UiO-68-BTDB. (c) Solid state UV-vis diffuse reflec-
tance spectra (red); inset: Tauc plot of the UiO-68-BTDB (blue); (d)
Mott—Schottky plots of UiO-68-BTDB; (e) transient photocurrent
responses of UiO-68-BTDB.
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integrity after being soaked in different organic solvents for
three days (Fig. S41). Thermogravimetric (TG) analyses demon-
strated that UiO-68-BTDB can retain its framework up to
450 °C (Fig. S51).

The optical and electrical properties were next investigated.
As shown in Fig. S6,7 UiO-68-BTDB gives emission at 510 nm,
and this emission band was ascribed to the n-rn* transition of
the organic ligand in UiO-68-BTDB. To assess the visible light
absorption capacity, the UV-visible diffuse reflectance spec-
trum was obtained. As shown in Fig. 1c, UiO-68-BTDB dis-
played a broad absorption ranging from 200 to 600 nm. The
optical band gap (E,) of UiO-68-BTDB was calculated to be
about 2.55 eV by the Kubelka-Munk (KM) method from Tauc
plots (Fig. 1c, inset). To evaluate the conduction band (CB)
and the valence band (VB) levels, Mott-Schottky measure-
ments were conducted at frequencies of 500, 750, and
1000 Hz. As shown in Fig. 1d, the CB position was determined
to be —0.87 V vs. NHE for UiO-68-BTDB. The VB was thus esti-
mated to be 1.68 V vs. NHE. Overall, UiO-68-BTDB has a more
negative potential (—0.87 V vs. NHE) than that for the
reduction of O, to the superoxide radical (—0.33 V vs. NHE),
indicating that the MOF catalyst may initiate superoxide
radical anion (0,™") generation.

To further evaluate the photoelectric properties of the
prepared MOF, we explored the charge separation capacity
through photocurrent response analysis and electrochemical
impedance spectroscopy (EIS). As shown in Fig. 1e, UiO-68-
BTDB showed significantly higher photocurrent than the
H,BTDB linker, indicative of effective separation of photogene-
rated electron-hole pairs. Furthermore, this result was further
proved by its relatively smaller radii and lower resistance for
charge transfer (Fig. S71), suggesting that introducing the ben-
zothiadiazole photosensitizer into the MOF is beneficial for
the charge separation efficiency. In addition, electron para-
magnetic resonance (EPR) tests were performed to investigate
its capacity to generate ROS upon visible-light irradiation. As
shown in Fig. 2a, in the presence of 2,2,6,6-tetramethyl-
piperidinooxy (TEMP), the EPR signals observed confirmed the
generation of singlet oxygen (*O,). Furthermore, the formation
of superoxide radical anions (O,”) was also indicated by
adding 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in the EPR
experiments (Fig. 2b).
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Fig. 2 (a) EPR detection of 'O, generation with UiO-68-BTDB trapped
by TEMP. (b) EPR detection of O,"~ generation with UiO-68-BTDB
trapped by DMPO.
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Among heteroaromatic compounds, benzimidazole and
benzothiazole derivatives demonstrate potential applications
in the pharmaceutical industry and materials science.?’™?
Various approaches have been devoted to synthesize benzimi-
dazoles and benzothiazoles.***®* Among them, O,-involved oxi-
dation under visible light excitation is considered as a promis-
ing one owing to its effective and ecofriendly approach. In
terms of the capability of generating 'O, and O,"~ of UiO-68-
BTDB, we envisioned that photocatalytic condensation cycliza-
tion to synthesize benzimidazole and benzothiazole would
occur with UiO-68-BTDB as the photocatalyst. As shown in
Table 1 (entry 1), the condensation cyclization of o-phenylene-
diamine with benzaldehyde can be achieved in 94% isolated
yield with 1 mol% UiO-68-BTDB as the photocatalyst in EtOH
and a 10 W blue LED as the light source. Control experiments
demonstrated that no product was obtained in the absence of
UiO-68-BTDB, a light source, or air (Fig. 3, and Table 1, entries
2-4), indicating the necessity of these reaction parameters.
Solvent effects were examined, indicating that EtOH is ben-
eficial for obtaining a high yield of the target product (entries
5-9). Finally, with 1 mol% of UiO-68-BTDB photocatalyst, the

Table 1 Control experiments of reaction conditions?

NH, o iti N,
@ n il conditions ©: \>_©
NH, R™"H N

Entry Catalyst Solvent Amount (mol%) Yield” (%)
1 UiO-68-BTDB EtOH 1.0 94

2 — EtOH 1.0 Trace
3¢ UiO-68-BTDB EtOH 1.0 Trace
4 UiO-68-BTDB EtOH 1.0 Trace
5 UiO-68-BTDB DMF 1.0 26

6 UiO-68-BTDB MeOH 1.0 88

7 UiO-68-BTDB MeCN 1.0 45

8 UiO-68-BTDB DCM 1.0 Trace
9 UiO-68-BTDB THF 1.0 63

10 UiO-68-BTDB EtOH 0.5 82

11 UiO-68-BTDB EtOH 1.5 92

12 UiO-68-BTDB EtOH 2.0 81

13 UiO-68 EtOH 1.0 Trace

“o-Phenylenediamine (0.2 mmol), benzaldehyde (0.2 mmol), room
temperature, a 10 W blue LED, open to air, 3 h. ?Isolated yields.
¢ Conditions in the absence of light. ¢ Conditions in the absence of air.
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Fig. 3 Quenching experiments and control experiments.
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substrates could be efficiently converted to the target product
with the highest yield (entries 10-12). Moreover, ligands
without a benzothiadiazole unit were also chosen for compari-
son (Fig. S8t). The obtained UiO-68 was employed as a photo-
catalyst under similar conditions, and no product was
observed (entry 13). A comparison of UiO-68-BTDB with
common photocatalysts further demonstrates the superior
photocatalytic performance of UiO-68-BTDB (Table S17).

Under the standard reaction conditions, the substrate
scope of aromatic aldehydes was studied to explore the general
capability of UiO-68-BTDB as a photocatalyst for the above con-
densation cyclization reaction. As shown in Table 2, a variety
of aromatic aldehydes (with either electron-withdrawing or
electron-donating groups) with o-phenylenediamine proceeded
and afforded the corresponding benzimidazoles with satisfac-
tory yields. It was noted that higher yields of benzimidazole
were observed with para-substituted benzaldehyde with elec-
tron-donating groups (-CH; and -OCHj3) compared to those
with electron-withdrawing groups (-NO,), demonstrating the
significant electronic effect on the reaction.

To investigate the versatility of this method for access to
2-substituted benzothiazole, numerous para-substituted ben-

Table 2 Photocatalytic condensation cyclization to prepare benzimida-
zole derivatives®

CL,, *
N
NH, R™ "H
2

1

Ui0-68-BTDB(1 mol%)
hv (blue LED) N,
e G
EtOH, r.t., air ”

3

Entry Substrate Product Yield” (%)
1 Q N 94
R O

2a 3a
2 e H 96
N /
H )—< >—N
\N/©)L @N/ \
| 3b
2b
3 Q N 96
H Q
o o
2% 3c
4 Q N 90
o GO
ON 3d
2d
5 Q H 92
o O
Br 3e
2e
6 2 Y 98
N =
XYY" "H N
'S CL—O
3f
95

H
CL—O-
3h

¢Standard conditions: o-phenylenediamine (0.2 mmol), benzaldehyde
(0.2 mmol), UiO-68-BTDB, 3 mL EtOH, a 10 W blue LED, room temp-
erature, open to air, 3 h. ? Isolated yields.
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zaldehydes were reacted with o-aminothiophenol under the
standard conditions to obtain benzothiazoles. As can be seen
from Table 3, most substrates gave excellent yields of the
target products for only 1.5 h. Overall, the above results
showed that UiO-68-BTDB is a general photocatalyst for the
synthesis of benzimidazoles and benzothiazoles upon visible
light irradiation.

To confirm the heterogeneous nature of UiO-68-BTDB, a
series of related experiments were then carried out. As shown
in Fig. S9,7 the filter experiment showed that the yield of 3a is
unchanged in the next 2 h after removing the catalyst and
reacting for 1.5 h. No obvious BTDB*~ signal in the filtrate was
observed in UV-vis spectra, indicating the stability and hetero-
geneity of UiO-68-BTDB. Additionally, the PXRD pattern of the
recovered UiO-68-BTDB after five runs is well consistent with
the fresh samples, indicating that it can be recycled for at least
five runs without much loss of catalytic efficiency (Fig. S107).
These results commendably demonstrated the heterogeneous
nature of UiO-68-BTDB in the photocatalytic condensation
cyclization to prepare benzimidazoles and benzothiazoles.

The identification of ROS generated under photocatalytic
conditions is essential for elucidating the reaction mechanism

Table 3 Photocatalytic condensation cyclization to prepare benzothia-
zole derivatives®

NH, o
.
CL, + A

Ui0-68-BTDB(1 mol%)

hv (blue LED) N,
T O
EtOH, r.t., air S

4 5 6
Entry Substrate Product Yield” (%)
1 o ©:S 97
©)LH rf>_©
6a
5a
2 o S, 7 99
o GO
\th 6b
5b
3 Q @[s 98
o s
Nor 6c

S,
CLo-COre. ”
6d

5d
5 o ©:S 95
o e
Br be
Se
6 Q S/~ 99
~ CL—Cr
Nz 6f
5f
7 9 @[S 96
o At
68
5g

“Standard conditions: o-aminothiophenol (0.2 mmol), benzaldehyde
(0.2 mmol), UiO-68-BTDB, 3 mL EtOH, a 10 W blue LED, room temp-
erature, open to air, 1.5 h.  Isolated yields.
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of the condensation cyclization. Thus, the ROS quenching
tests were further conducted. As shown in Fig. 3 and
Table S2,f when the radical scavenger 2,2,6,6-tetramethyl-
piperidinyl-1-oxide (TEMPO) was added to the reaction system,
the yield of 3a decreased significantly to 16%, confirming the
radical reaction process. The addition of isopropyl alcohol
(IPA) had a very little effect on the yield, thus ruling out the
presence of ‘OH. After adding NaNj, a typical scavenger for
'0,, the reaction yield (26%) was dramatically decreased. The
quenched yield (23%) was observed with the addition of the
0O,"” scavenger p-benzoquinone (BQ). Furthermore, the reac-
tion was greatly inhibited when the hole (h') scavenger
C,04(NH,), or electron (e”) scavenger AgNO; was added. These
results suggested that h* and e~ both play a key role during the
photocatalysis, and the major working oxygen species here
might be 10, and O, ". Overall, it can be deduced that the
reaction involves two pathways of energy transfer and electron
transfer.

According to the above pieces of evidence and literature
reports,®>?* a tentative reaction mechanism for the conden-
sation cyclization to benzimidazole and benzothiazole was pro-
posed. Initially, o-phenylenediamine/o-aminothiophenol and
benzaldehyde are dehydrated to form intermediate I, electrons
are excited, and charge carriers are separated on UiO-68-BTDB
upon visible-light irradiation. Next, as shown in Fig. 4, the gen-
erated holes and electrons could initiate the following reac-
tions: holes (E, = 1.68 V) could capture an electron from inter-
mediate 1 (E(I/II) = 0.45 V)’ and afford II, which then dis-
sociates a proton to give free radical intermediate III. The
intermediate III undergoes cyclization and then reduced by
photogenerated electrons to produce IV. At the same time,
partial singlet electrons transformed into excited triplet elec-
trons via intersystem crossing (ISC),*® thus producing 'O,
through energy transfer (ET).>> Aminal V, which has gained a
proton from intermediate IV, further reacts with 'O, to afford
intermediate VI. After releasing hydrogen peroxide (H,0,), the
target product is afforded. On the other hand, the photogene-
rated holes of UiO-68-BTDB oxidize intermediate I and further
cyclize to intermediate II'. Meanwhile, the photogenerated

X +H* X _H
CcB e @E.?_“ NNXR
) v v

SIGIGRGIGS
SET | i e \

13e)

X
|||' ! :
-H / :
R I T S it N
. e o O
a«@ VB VR N
X RN

| X=NHors

X=NHors I

Fig. 4 Plausible mechanism of UiO-68-BTDB catalyzed the conden-
sation cyclization reaction to synthesize benzimidazoles and
benzothiazoles.
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electron converts O, into O,” via a single electron transfer
(SET) mechanism.*® The target product is afforded by deproto-
nation of II' by O,"~ and hydrogen abstraction by hydroperoxyl
radicals from intermediate III'.

Conclusions

In conclusion, a benzothiadiazole-functionalized ligand
(H,BTDB) was rationally designed to construct one UiO-68-type
MOF, UiO-68-BTDB. The MOF has a broad adsorption of
visible light up to 600 nm and good charge separation
efficiency. Merging these merits, UiO-68-BTDB can effectively
activate O, to 'O, and O,”” under visible light irradiation.
Meanwhile, UiO-68-BTDB is proved to be highly active in con-
densation cyclization to prepare benzimidazoles and ben-
zothiazoles. Possible dual reaction pathways are proposed for
the photocatalytic reaction, including 'O, generation via
energy transfer and O,"~ generation via photoinduced charge
separation.
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