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Metal-organic framework (MOF) materials provide a versatile and promising platform for constructing
heterogeneous photocatalysts with applications in organic transformations. One of the methods for
enhancing MOFs' performance in photocatalysis relies on the elaborate design and functionalization of
organic linkers. Here we reported a photoactive thiadiazolopyridine (TDP) moiety functionalized UiO-68
isoreticular Zr(v)-based MOF (denoted as UiO-68-TDP) that was synthesized by the de novo approach of
mixed dicarboxylate struts. Under blue LED irradiation and in an open air atmosphere, MOF UiO-68-TDP
exhibited a largely higher photocatalytic activity for the synthesis of tetrahydroquinolines by oxidative
annulation reaction between N,N-dimethylanilines and maleimides, in comparison to the
benzothiadiazole decorated analogue MOF. Besides, UiO-68-TDP can be reused at least three times

without significant loss of its photocatalytic activity and its framework was well maintained after these
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Introduction

Visible light is regarded as an abundant, inexpensive, readily
available and renewable source of clean energy. Its application
in synthesis of value-added organic compounds has received
great attention from chemists over the past years.'” However,
since a large proportion of simple organic molecules cannot
absorb visible light, photocatalysts such as metal complexes
and organic dyes are typically used to efficiently promote the
photochemical transformation.®®

The tetrahydroquinoline (THQ) motif is an important
structural scaffold of many natural products and medicinal
agents that have demonstrated a variety of biological activi-
ties."" Due to their widespread existence in natural products
and pharmaceutical agents, a number of methods have been
developed for the construction of THQ skeleton.””* Among
them, the photochemical approach mediated by visible light
offered a more sustainable methodology in this process.'***
most of these photochemical reactions

However, were
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cycles. Furthermore, the related mechanism involving reactive oxygen species was properly proposed.

conducted in homogenous systems. Thus, it is problematic to
recycle these photocatalysts for reuse, especially considering the
high cost of precious metal complexes. The development of
heterogeneous photocatalysts that are free of noble metals as
well as possessing outstanding catalytic activity is highly
desirable. In this regard, there are only a handful of reported
examples to date.”*?' For example, Zhang et al. developed
a series of benzobisthiadiazole conjugated nanoporous poly-
mers for the synthesis of THQ derivatives under visible light.*
Modified TiO, semiconductors were also employed as efficient
photocatalysts in this photochemical reaction.”**' However, the
reported heterogeneous photocatalyst based materials are still
limited and suffered from some drawbacks, such as tedious
preparative procedure and low surface area. It is highly
demanded to exploit more different materials toward this end.

Metal-organic frameworks (MOFs), that are assembled by
the coordination of metal centers with organic linkers, have
emerged as a newly promising type of photoactive materials for
photocatalyzing organic reactions on account of their unique
structural characteristics.”>?* In sharp contrast to metal oxide
semiconductive photocatalysts, the hybrid and modular
inherent nature of MOF materials allows their properties to be
readily tailored by the metal nodes, organic linkers as well as
the cavity in MOFs, thus resulting in the remarkable enhance-
ment of photocatalytic activities. Our research group has
recently devoted many efforts into the modulation of MOFs
photocatalytic performance starting from the design and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synthesis of photoactive organic linkers; subsequently, a series
of functional and robust Zr(iv) MOFs with UiO-isoreticular
topology were constructed by using these linkers and their
applications in light-induced organic reactions were further
explored.>*® To the best of our knowledge, there is no report
that MOFs photocatalyzed THQ synthesis until now.

Along our research line in functionalization of organic
linkers, here we designed and synthesized a photoactive thia-
diazolopyridine (TDP) moiety** conjugated terphenyldi-
carboxylate linker (denoted as H,-TDP), which was integrated
into the porous and robust UiO-68 isoreticular Zr-MOF (denoted
as UiO-68-TDP, Scheme 1) by a mix-and-match approach of
mixed dicarboxylate struts. In the open air atmosphere and
under blue LEDs irradiation, UiO-68-TDP can efficiently pho-
tocatalyze the oxidative cyclization synthesis of THQs from N,N-
dimethylanilines and maleimides. And it demonstrated
a remarkably higher photocatalytic activity for this reaction
than its analogue MOF UiO-68-BTD containing the benzothia-
diazole (BTD) unit.

Results and discussion

As described in Scheme 2, the TDP-conjugated terphenyldi-
carboxylate linker (H,-TDP) can be readily synthesized by two
step reactions. The well-known Suzuki coupling reaction of 4,7-
dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine (1) and methyl 4-bor-
onobenzoate catalyzed by Pd(dppf)Cl, and Pd(PPh;), in the
presence of Cs,CO; and CsF gave rise to methyl ester precursor
compound 2, which further hydrolyzed by KOH to give the
target linker H,-TDP in a high yield. Due to limited solubility of
H,-TDP, the mix-and-match synthetic strategy was used to
incorporate it into the porous and robust UiO-68 framework.
Specifically, a combination of organic linkers H,-TDP and H,-
DMT (in 1:3 molar ratio) with the same ligand length was
reacted with ZrCl, under the assistance of HAc as a modulator
in N,N-dimethylformamide (DMF) at 90 °C for 48 h to generate
MOF UiO-68-TDP (Scheme 1).

As expected, powder X-ray diffraction (XRD) of UiO-68-TDP
was investigated to reveal its isostructural framework as the
same with the parent MOF UiO-68 and its highly crystalline

ZrCl,

HAc, DMF
90 °C, 48 h
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Scheme 2 Synthetic route for H,-TDP. Reagents and conditions: (a)
Cs,CO3, CsF, Pd(PPhs),, Pd(dppf)Clp, toluene—H,O, 90 °C for 2 d; (b)
KOH, THF, CHzOH, H,O, 90 °C for 2 h; TFA, H,O, 0.5 h, room
temperature.

nature (Fig. 1a). Additionally, the porosity of UiO-68-TDP was
examined by nitrogen sorption measurement at 77 K (Fig. 1b),
indicating a classic type I reversible isotherm with BET surface
area of 3060 m® g~ . The pore size distribution was calculated as
~1.6 nm by using nonlocal density functional theory (NLDFT).
Therefore, the high porosity and big pore width of UiO-68-TDP
can facilitate adsorption and diffusion of substrates in the
framework for achieving an efficient heterogeneous catalysis.
In order to evaluate the photocatalytic activity of UiO-68-
TDP, the oxidative annulation reaction of N,N-dimethylaniline
(1a, 0.2 mmol) and N-(4-methylphenyl)maleimide (2a, 0.1
mmol) was employed as a model reaction. As shown in Table 1,
the reaction mixture of 1a and 2a containing a catalytic amount
of UiO-68-TDP in CH;CN was irradiated by blue LEDs in an
open air atmosphere at room temperature. The desired annu-
lation product of THQ derivative 3a can be optimized and ob-
tained in good-to-excellent yield after 12 h irradiation (entries
1-3). The very low yield was achieved in the absence of UiO-68-
TDP (entry 4), confirming its photocatalytically active role in
this reaction. On the other hand, when the photocatalyst was
changed from UiO-68-TDP into its analogue MOF UiO-68-BTD
containing benzothiadiazole moiety (Fig. S4 in ESI}), the
productyield of 3a was largely decreased (entry 5). Furthermore,
we monitored and compared this photocatalytic progress by
using "H NMR analysis. As shown in Fig. 2a, it is clear that UiO-

Scheme 1 Preparation for MOF UiO-68-TDP with the mixed dicarboxylate linkers.
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Fig. 1 Powder XRD patterns (a) and nitrogen sorption isotherm (b) for UiO-68-TDP (inset: the pore size distribution calculated from NLDFT).

Table 1 Screening of the photocatalytic reaction conditions of 1a and 2a“

p 0
N H
photocatalyst o)
N H in air, blue LEDs (o]
I o}
N
1a 2a | 3a
Entry Conditions Light Additive Yield®
1 Ui0-68-TDP, 3 mg + - 62%
2 Ui0-68-TDP, 4 mg + - 82%
3 Ui0-68-TDP, 5 mg + - 82%
4 No photocatalyst + — 12%
5¢ UiO-68-BTD, 4 mg + - 16%
67 UiO-68-TDP, 4 mg - - Trace
7° UiO-68-TDP, 4 mg + - Trace
8 UiO-68-TDP, 4 mg + BQ 8%
9 UiO-68-TDP, 4 mg + NaN;, 16%

¢ Reaction conditions: 1a (0.2 mmol), 2a (0.1 mmol) in CH;CN (1 mL) under an air atmosphere at room temperature for 12 h, blue LEDS (Apax =
450 nm, 3 W). ? Yield was determined by "H NMR analysis with 1-methyl-2,4-dinitrobenzene as an internal standard.  The reaction time was 16 h.
4 No light. ¢ No oxygen.” p-Benzoquinone (BQ) as the superoxide scavenger. ¢ NaNj; as the single oxygen 0, scavenger.
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Fig. 2

(a) Photocatalytic profiles of oxidative annulation reaction between N,N-dimethylaniline (1a) and N-(4-methylphenyl)maleimide (2a) by

UiO-68-TDP and UiO-68-BTD under the irradiation of blue-LEDs in an open air atmosphere. (b) Recycling experiments of UiO-68-TDP for the

photocatalyzed oxidative annulation reaction.
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Fig. 3 EPR spectra of a mixture of UiO-68-TDP in CHzCN with TEMP
upon light irradiation (a) and in the dark (b) as well as DMPO upon light
irradiation (c) and in the dark (d).
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68-TDP exhibited a largely higher photocatalytic activity for this
light-induced oxidative annulation reaction in contrast to UiO-
68-BTD. This result validates the critical role of photoactive
organic linker in determining MOF's photocatalytic perfor-
mance. Besides, the reusability of UiO-68-TDP as a heteroge-
neous photocatalyst was investigated. The MOF photocatalyst
can be readily recovered from the reaction mixture by centri-
fugation and reused at least three times without obvious loss of
activity (Fig. 2b). The powder XRD pattern of UiO-68-TDP after

View Article Online
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three photocatalyzed cycles revealed the good maintenance of
its crystalline structure and framework (Fig. 1a), indicative of
the high stability of Zr-based UiO frameworks.

To gain insights into the photochemical reaction mecha-
nism, several control experiments were conducted as shown in
Table 1 (entries 6-9). These results indicated that each
component, including photocatalyst UiO-68-TDP, light, and
oxygen, is essential for the effective progress in the photo-
induced reaction. Additionally, p-benzoquinone (BQ) and
NaNj;, as a superoxide radical anion O,’~ scavenger and
a singlet oxygen 'O, scavenger, were added into the reaction
mixture, respectively. The product yield was greatly decreased
(entries 8 and 9), suggesting that both of active oxygen species
(0,"and '0,) were involved in this photo-oxidative annulation
reaction. Furthermore, electron paramagnetic resonance (EPR)
measurements were employed to validate these oxygen active
species by using DMPO and TEMP as spin-trapping reagents for
0,""and 'O, after blue LEDs light irradiation. As shown in
Fig. 3, no signal was observed for the mixture of UiO-68-TDP
with TEMP or DMPO in the dark condition. While the typi-
cally characteristic of 10, and 0,"~ corresponding TEMPO and
DMPO-OOH were clearly detected in EPR spectra (Fig. 3a and c),
these results suggest the effective energy transfer and/or elec-
tron transfer between excited UiO-68-TDP species to molecular
oxygen during the photocatalytic process.

Based on these observations in the above control experi-
ments and reported literatures, we proposed a plausible reac-
tion mechanism for the formation of THQ derivative 3a, as

0O, 10,
rc) v L
T o
N
1a !
0, SET
lo,—/ 0,
O |pPc™ b
@ N
+e ril+. 4 CH,
1a
o}
-0
o 2a

(o]
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o™ ey O
N =HF N N
| 3a | 6 I 5

Scheme 3 Proposed mechanism for the photocatalytic oxidative annulation reaction by MOF UiO-68-TDP (photocatalyst, PC).
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Table 2 Photocatalytic oxidative cyclization of various N,N-dimethylanilines with maleimides by MOF UiO-68-TDP*
(0]
R1 — iO-68- R
N / UiO-68-TDP 1
\ / N + || N—R,; B
\ in air, blue LEDs
(0]
Br OCH; CH3 F
N N
N
| 3b (83%) | 3c (87%) | 3d (78%) | 3e (95%) | 3f(81%)
ocH3 CH, CH; F
(o) ; 0, ; (0] ;
N N N
N N N
I 39 (73%) 3h (61%) | 3i(63%) | 3j(64%) | 3k (67%)
OCH3 N02 No2

0.
N
N N

31 (55%) 3m (52%)

N

3n (31%) | 30 (80%) | 3p (87%)

“ Reaction conditions: N,N-dimethylanilines (0.2 mmol), maleimides (0.1 mmol) and MOF UiO-68-TDP (4 mg) in CH;CN (1 mL) under an air
atmosphere at room temperature for 12 h, blue LEDS (Amax = 450 nm, 3 W). Yield was determined by '"H-NMR analysis with 1-methyl-2,4-

dinitrobenzene as an internal standard.

illustrated in Scheme 3. Upon light illumination, MOF UiO-68-
TDP as photocatalyst (PC) was excited from the ground state
to its excited state (PC*), which can activate molecular oxygen
O, through energy transfer or single electron transfer (SET)
process, generating two reactive oxygen species of 'O, and O,"~
Simultaneously, the radical cation 1a'* was produced in the
oxidation of 1a by PC* and 'O, through a SET process, which
was deprotonated by the superoxide anion radical to give o-
aminoalkyl radical 4. Then, the radical addition of 4 to mal-
eimide 2a formed radical 5, along with the subsequent intra-
molecular cyclization leading to intermediate 6. At last, the
electron and proton separation from 6 mediated by active
oxygen species gave birth to the desired product 3a.
Furthermore, the scope of this photocatalytic reaction was
investigated to explore its broad applications by varying
substrates with both electron-donating and electron-
withdrawing groups under the same reaction conditions using
UiO-68-TDP as photocatalyst. As shown in Table 2, most of
reactions can afford modest to good yields. A range of N,N-

1642 | RSC Adv, 2022, 12, 1638-1644

dimethylanilines with methyl, methoxy and cyano groups on
the phenyl ring can react with various maleimides to afford the
corresponding THQ derivatives in good to excellent yields (3b-
31, 55-95%), while maleimides with a nitro group gave a relative
poor yield (3m-3n, 31-52%). Besides, a very good yield can be
obtained by using benzyl substituted maleimides (30-3p, 80-
87%).

Conclusions

In summary, we have conjugated a photoactive thiadiazolo-
pyridine moiety into the terphenyldicarboxylate linker, which
was subsequently integrated into the porous and robust UiO-
type isoreticular Zr-MOF UiO-68-TDP by a mix-and-match
approach using mixed dicarboxylate struts. In the open air
atmosphere, UiO-68-TDP can efficiently photocatalyze the
oxidative cyclization synthesis of tetrahydroquinolines from
N,N-dimethylanilines and maleimides under blue-LED irradi-
ation. Moderate to high yields were achieved from a wide

© 2022 The Author(s). Published by the Royal Society of Chemistry
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range of substrates by using UiO-68-TDP as heterogeneous
photocatalyst under this reaction conditions. In comparison
to its analogue UiO-68-BTD containing benzothiadiazole unit,
UiO-68-TDP demonstrated a remarkably higher photocatalytic
activity for this reaction. This work demonstrates the great
potential of MOF based photocatalysts as well as the critical
role of organic linker design in determining MOF's photo-
catalytic performance.

Experimental section
Synthesis and characterizations

Compound 2. A mixture of Cs,CO; (12.3 g, 37.6 mmol) and
CsF (0.95 g, 6.25 mmol) were dissolved in water (2 mL) and
added into a 250 mL round bottom flask with a magnetic stir
bar. Toluene (140 mL) was added into the reaction flask and the
reaction mixture was bubbling by N, for 3 h. Then, compound 1
(1.85 g, 6.3 mmol), methyl 4-boronobenzoate (3.4 g, 18.8 mmol),
Pd(dppf)Cl, (0.54 g, 0.62 mmol) and Pd(PPh;), (0.72 g, 0.62
mmol) were added into the mixture. The round bottom flask
was vacuumed and purged into N, for 4 times. The reaction was
heated at 90 °C for 48 hours under nitrogen atmosphere. After
that, the reaction mixture was cooled down to room tempera-
ture and extracted by CH,Cl, (200 mL x 2). The combined
organic layer was washed with water (300 mL x 5), and dried
over anhydrous Na,SO, then evaporated under reduced pres-
sure. The crude product was further purified using column
chromatograph (CH,Cl,/PE, 6/1) to give orange solid (2.03 g,
yield: 80%). *H NMR (400 MHz, CDCl,) 6 8.92 (s, 1H), 8.75 (d, ] =
8.5 Hz, 2H), 8.25 (dd, J = 8.4, 4.1 Hz, 4H), 8.12 (d, J = 8.4 Hz,
2H), 3.99 (s, 6H).

Compound H,-TDP. Compound 2 (0.50 g, 1.23 mmol) was
dissolved in THF (10 mL) and added into a 100 mL round
bottom flask with a magnetic stir bar. KOH (1.03 g, 19.58 mmol)
was dissolved in MeOH (5 mL) and added into the mixture
which was refluxed for 0.5 h at 90 °C. Then, 5 mL water was
added into the above reaction, which was subsequently stirred
at 90 °C for 1.5 h. After cooling to room temperature, 3 mL TFA
was added and stirred for 30 min. Then, 20 mL water was
further added into the mixture. The solid was obtained by
centrifugal to get the crude product, and washed for 3 times by
water and dried to give yellow powder solid (0.40 g, yield: 86%).
'H NMR (400 MHz, DMSO-d,) 6 13.02 (s, 2H), 9.07 (s, 1H), 8.75
(d, J = 8.3 Hz, 2H), 8.26 (d, J = 8.2 Hz, 2H), 8.18 (dd, J = 14.2,
8.3 Hz, 4H).

MOF UiO-68-TDP. H,-DMT (69 mg, 0.20 mmol), H,-TDP
(25 mg, 0.067 mmol) and ZrCl, (74 mg, 0.32 mmol) were dis-
solved in DMF (100 mL), which was added into a 250 mL round
bottom flask with a magnetic stir bar. Then, HAc (4 mL) was
added to the reaction flask and the reaction mixture was heated
at 90 °C for 48 hours. After cooling to room temperature, the
product was separated by centrifugal to afford the golden solid
which was washed with DMF (10 mL x 3) and EtOH (10 mL x
3), respectively. The sample was dried in vacuum. The powder
XRD pattern of product was similar to the simulated pattern,
confirming its UiO-68 topological framework and the phase

purity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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