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Herein, the design and synthesis of an unprecedented cobaloxime-
based zirconium metal—organic framework (Zr-TCPCo) with an she
net is reported. This heterogeneous material as a photocatalyst
exhibits excellent catalytic activity for aerobic oxidation of aryl-
boronic acids to phenols. Recycling experiments demonstrate the
stability and reusability of Zr-TCPCo as a robust catalyst.

Metal-organic frameworks (MOFs) play an important role in
gas adsorption, biomedicine, catalysis, sensing, and other
fields' after decades of development. In particular, owing to
the easily modified porous structure of MOFs, photocatalysts
such as atomic clusters, molecular-based photosensitizers, etc.
can be dispersed in MOFs by loading or covalently/coordinately
grafting and so on.> For some photocatalysts, the aggregation
problem that leads to weakening of the light absorption capa-
city, and thus the reduction of the catalytic efficiency, can be
alleviated under the protection of MOFs.> However, the
reported hetero-assembled catalysts still face some problems
such as the recovery of the catalysts, uncertainty of catalytic
sites, low catalyst utilization, etc., resulting in low catalytic
efficiency and unclear catalytic mechanism. Due to the diverse
modifiability of the ligands and metal nodes of the MOF itself,
as well as the atomically precise dispersion of photocatalysts in
the structures, which would contribute to the study of the
mechanism, a more straightforward solution is to directly
build MOFs as catalysts, such as the previously reported”
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Building a cobaloxime-based metal—organic
framework for photocatalytic aerobic oxidation
of arylboronic acids to phenolsf

C
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porphyrin-, carbazole-, and benzothiadiazole-based MOF mate-
rials. Among the numerous catalysts, cobaloxime complexes,
initially developed as a mimic of vitamin Bj,, have been
demonstrated to be a class of efficient molecular catalysts®
for hydrogen evolution or organic transformations; in particu-
lar, the elegant combination of cobaloximes with photosensiti-
zers was shown to be a powerful catalytic tool for cross-coupling
reactions,® and therefore has received much attention in the
past decade. Although beautiful chemistry based on molecular
cobaloxime catalysts has been achieved, in contrast, the
research for cobaloxime-based heterogeneous materials has to
date been rarely explored. Hence, constructing a cobaloxime-
based MOF material and exploring the catalytic activity will be
appealing. In this context, we try to design an example of a
cobaloxime-based MOF for photocatalytic reaction. Herein, we
report the successful preparation of an unprecedented
cobaloxime-based zirconium MOF (Zr-TCPCo). This easily pre-
pared Zr-TCPCo as a photocatalyst was found to be efficient for
catalytic oxidation of arylboronic acids to phenols under visible
light. Recycling experiments demonstrated the stability and
reusability of Zr-TCPCo as a robust photocatalyst.

The reticular construction of atomically-precise dispersed
photocatalysts allows topological design” of the nanoscale
spatial arrangement of the catalyst, as well as modulation of
the micro-/meso-pore size and shape selectivity of the substrate
transport. We selected the Zr-MOF platform because the Zrg
cluster can be connected into networks with different coordina-
tion numbers varying from 4 to 12, which is closely related to
the ligand conformation and connection mode as well as the
synthetic conditions (e.g. solvent, temperature, modulator,
reactant ratio, etc.).® As for a tetratopic (4-c) ligand that can
immobilize a cobaloxime core, several possible minimal-
transitivity nets can be constructed (Scheme S1, ESI}), such
as (4,12)-c ftw/shp, (4,8)-c esq/scu/sqc, and (4,6)-c she.® With the
aim to obtain a hierarchical porous framework, we chose the
she topology (s for square; he for hexagon),'® which contains a
planar hexagonal 6-c node that can be achieved through partial
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(a) Schematic illustration of the design and synthesis of Zr-TCPCo with an she net; (b) PXRD patterns of Zr-TCPCo; inset: Optical micrograph of

Zr-TCPCo; (c) 77 K N, adsorption test of Zr-TCPCo; inset: diagram of incremental pore volume vs. pore width; (d) UV-vis spectra of Zr-TCPCo and the

molecular cobaloxime H4TCPCo.

substitution of the full 12-c Zre cluster by monocarboxylate
modulators (e.g. acetate). It should be noted that there are two
other edge-transitive (4,6)-c nets, nts and cyb, for linking
squares and hexagons,'' but they require parallel squares in
close proximity, and so are not suitable for the cobaloxime
moiety with axially coordinated molecules.

To verify our hypothesis, as shown in Fig. 1a, we formulated the
reagents, containing zirconium salt and a rigid tetracar-
boxylate cobaloxime complex (H,TCPCo, Fig. 1a),"> with
100 equivalent of acetic acid relative to H;TCPCo (details of the
synthesis and characterization are given in the ESIt). To our delight,
an unprecedented 3D structure (Zr-TCPCo) crystallized in the cubic
space group Pm3m, yielding two types of channels (0.8 nm and
1.6 nm, Fig. 1c) with walls formed by cobaloximes,"* which could
facilitate the interaction of the substrate with the catalyst (Fig. 1a).

Note that even when the synthesis was scaled-up to 10-fold
or 20-fold, it was confirmed by PXRD characterization that Zr-
TCPCo was all in pure phase (Fig. 1b and Fig. S1, S2, ESIt). SEM
and EDS mapping further revealed the fact that cobaloxime is
evenly distributed in such truncated cubiform crystals (Fig. S3
and S4, ESIt). Considering that the redox property of cobalox-
ime may be affected under solvothermal conditions like other
transition metals with variable valence,'® an XPS test was
conducted, and the results showed sharp peaks at 780 eV and
795 eV, indicating the trivalent nature of cobalt (Fig. S5, ESIT).
Besides, Zr-TCPCo also showed the presence of micropores,
which was indicated by the type I curve from the 77 K N,
adsorption isotherm (Fig. 1c). Along with a maximum
adsorption capacity of 447 cm® g ' and a BET surface area
(1061 m> g "), Zr-TCPCo exhibits the advantage of effective
mass transfer in the heterogeneous catalytic process. In
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addition, stability is a key factor worth considering for a
catalyst."” Herein, Zr-TCPCo showed general stability towards
most of the organic solvents (Fig. S10, ESIt) and pH stability
(pH 1 to 12, Fig. S11, ESIt), as well as a significant thermal
stability (up to 250 °C, Fig. S7-S9, ESIY), which provided a basis
for its potential application. Compared to the materials that
commonly need to be stored either in an inert atmosphere or at
low temperature, Zr-TCPCo was found to be stable both in air
and in water under ambient conditions (Fig. S12, ESIt), which
is beneficial for long-term storage and usage of this material.
Further investigation of the optical properties of Zr-TCPCo
suggested a good visible-light absorbance (Fig. 1d) and a
p-type semiconductor nature with a band gap of ~2.7 eV
(Fig. S14 and S15, ESIt), which provided the possibility for its
potential application in photocatalysis.

Photocatalytic oxidation of arylboronic acids has emerged as
a powerful tool for the synthesis of phenols,'® which widely
exist in bioactive molecules and are used as intermediates in
synthetic chemistry. With the cobaloxime-based MOF material
in hand, we next explored the photocatalytic activity by using
Zr-TCPCo as a sole photocatalyst and phenylboronic acid (a1) as
a test substrate. To our delight, in the presence of a catalytic
amount of Zr-TCPCo (3.0 mg) as a photocatalyst with excess
triethylamine (Et;N) under a dioxygen (O,) atmosphere, a
0.2 mmol scale reaction proceeded smoothly to give the desired
phenol b1 in 91% yield at room temperature by 450 nm LED
irradiation for 12 h (Table 1, entry 1). The solvent test revealed
that several commonly used organic solvents showed compar-
able reaction efficiency (Table 1, entries 2-5). However, con-
sidering the convenience of catalyst recycling, dichloroethane
(DCE) was the best choice. Compared with the case of a molecular

This journal is © The Royal Society of Chemistry 2023
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Table 1 Optimization of the reaction conditions?
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Table 2 Substrate scope of arylboronic acids®®

Zr-TCPCo (3.0 mg)
EtsN (2.0 equiv.), Oy, DCE, rt.
450 nm LEDs irradiation

O/B(OH)Z ©0H

a1, 0.2 mmol "standard conditions" b1

Entry Variation from the standard conditions b1’ (%)
1 None 91

2 Ethyl acetate instead of DCE 72

3 Acetone instead of DCE 89

4 Acetonitrile instead of DCE 88

5 Ethanol instead of DCE 90

6 H,TCPCo instead of Zr-TCPCo 66

7 Under air atmosphere 46(78)°
8 Under argon atmosphere 0

9 In dark 0

10 Without Zr-TCPCo 0

11 Without Et;N 0

% Reaction conditions: al (0.2 mmol), Zr-TCPCo (3.0 mg), Et;N
(2.0 equiv.), DCE (2 mL), 450 nm LED irradiation for 12 h at r.t. under
0, atmosphere. ” Isolated yields. © 24 h irradiation.

cobaloxime complex (H,TCPCo, 3.0 mg) as a photocatalyst, Zr-
TCPCo obviously increased the efficiency (Table 1, entry 6). The
O, atmosphere was essential to the reaction. If the reaction was
carried out in an air atmosphere, a sharply decreased yield of 46%
was obtained, yet prolonging the reaction time to 24 h could
increase the yield to 78% (Table 1, entry 7). No desired product
was detected under an argon atmosphere (Table 1, entry 8). Further
control experiments revealed that light, Zr-TCPCo and Et;N were
essential parameters to the reaction, and in their absence, no
desired transformation was observed (Table 1, entries 8-11).

With the optimal conditions established, we proceeded to
investigate the generality of Zr-TCPCo as a heterogeneous
photocatalyst for this transformation. As shown in Table 2,
when a broad range of phenylboronic acids bearing electron-
withdrawing or electron-donating groups at different positions
on the phenyl ring were attempted, the corresponding phenols
were obtained in good to excellent yields (b1-b18). To demon-
strate the practical synthesis using this heterogeneous catalyst,
a 10 mmol scale reaction of a1 was conducted, and the desired
product b1 was obtained in 76% yield with a prolonged reaction
time (36 h). Polycyclic aromatic boronic acids such as 2-
naphthaleneboronic acid (b19), 1-pyrenylboronic acid (b20)
and 9,9’-spirobi[9H-fluorene]-2-boronic acid (b21) were also
compatible with the reaction, giving the yields of 75%, 59%
and 78%, respectively. Note that the structure of b21 has been
confirmed by single-crystal X-ray diffraction analysis'’ (see
Section 16 in the ESIT). Furthermore, the heteroarylboronic
acids or heterocyclic-fused phenylboronic acids were also effec-
tive substrates in this reaction with good yields (b22-b26).

Compared with homogeneous catalysts, heterogeneous cat-
alysts have the advantage of being recyclable. To investigate the
recyclability of Zr-TCPCo in the reaction, the reaction using al
as the substrate was selected for the recycling experiments.
After each run, the catalyst Zr-TCPCo could be easily separated
and recovered by centrifugation and directly used for the next
cycle under the same procedure. As shown in Fig. 2, after being

This journal is © The Royal Society of Chemistry 2023

b1,R=H,91% b6, R=OH, 86% OH
OH (0.714 g, 76%) b7, R = n-pentyl, 75% @[ ©i
/©/ b2, R=F, 60% b8 R=OPh, 88% OPh Ph
R b3,R=Cl,77% b9, R = OCH,Ph, 70%
b12, 74% b13, 81%
b4, R=Br,74%  b10,R = NPhy, 77% nER e

b5, R=CN,53% b11, R =Cz = N-Carbazolyl, 95%

Ph OH
OH H,CO OH CZ\©/OH o:©/ OH [ j

b16, 97% b17, 65% b18, 83%
b14, 47%

on Oy =
4 O:: -

b19, 75%

b15, 78%

b20, 59% b21, 78%

b22, 90%

b23, 73% b24, 61% b25, 70% b26, 59%

“ Reaction conditions: a (0.2 mmol), Zr-TCPCo (3.0 mg), Et;N
(2.0 equiv.), DCE (2 mL), 450 nm LEDs irradiation for 12 h at r.t. under
0, atmosphere. ? Isolated yields.

reused ten times, no significant loss of catalytic activity was
observed. Interestingly, even after the Zr-TCPCo recovered from
the tenth experiment was exposed to air and stored for two
weeks, it still exhibited a satisfactory efficiency (Fig. 2,
column 11). However, a slight efficiency decrease was observed
from the recycling experiments, which is probably attributed to
the partial decrease of the crystallinity and the slightly reduced
cobalt-valence (Fig. S5d, ESI{) of the recovered Zr-TCPCo.
Nevertheless, SEM and EDS mapping showed an even distribu-
tion of elements (Fig. S4, ESIt) within the shredded Zr-TCPCo
crystal after catalysis. The VB-XPS spectrum (Fig. S6, ESIT)
remained the same after catalysis. The UV-Vis spectrum of
the recovered Zr-TCPCo (Fig. S17, ESIf) showed a similar
adsorption band compared with H,;TCPCo. These observations
indicated that the cobaloxime complex was retained within the
recovered Zr-TCPCo structure, which ensured the efficient catalytic
activity. Compared with previous reports® using other MOF

100
Zr-TCPCo (recovered from the tenth run
N and exposed to air for 2 weeks)
80 Nmme -
&\O/ N
S 60
5
SN
Eel
2L 404
L
o
£
204
0+ T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11
Number of cycles

Fig. 2 Recyclability of the photocatalyst Zr-TCPCo.
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Scheme 1 A plausible reaction pathway.

materials for this transformation, a broad scope of substrates was
attempted, and less reaction time and more recycling cycles have
been achieved. These above results demonstrated the stability and
reusability of Zr-TCPCo as a robust catalyst.

Previous studies suggested that the superoxide radical anion
(0,*7) is a key reactive intermediate in this transformation.
Herein, the ideal band gap of Zr-TCPCo (2.7 eV) is believed to be
capable of activating dioxygen to generate the superoxide
radical anion by single electron transfer. Hence, a plausible
reaction pathway was proposed, as illustrated in Scheme 1. The
photo-excited Zr-TCPCo* firstly reacts with dioxygen to generate
0,°", which is further captured by arylboronic acid to furnish
intermediate I-2. Then I-2 abstracts a hydrogen atom from I-1 to
form intermediate I-3, followed by a rearrangement process to
generate intermediate I-5. Finally, the subsequent hydrolysis of
I-5 leads to the desired product.

In summary, we successfully designed and developed an
easily-handled and operationally-simple method for the pre-
paration of an unprecedented cobaloxime-based Zr-MOF with
an she topology. Zr-TCPCo as a heterogeneous photo-catalyst
showed excellent catalytic activity for the aerobic oxidation of
arylboronic acids to phenols under mild conditions. Recycling
experiments demonstrated the stability and reusability of Zr-
TCPCo as a robust catalyst. Further exploration of the
cobaloxime-based MOF material for photocatalytic organic
transformations is ongoing in our laboratory.
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